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PREFACE 


THE time seems to have arrived when there 
should be made more readily available the re- 
sults of the investigations leading to the proof 
of the isostatic condition of the earth’s crust, and 
the results of the attempts to apply the isostatic 
principle to some of the major geologic prob- 
lems. 

Reports and papers have appeared from time 
to time as the investigations progressed, but one 
must consult many of them to be able to form 
a clear picture of what has been accomplished. 
The writer has attempted to present in this work 
in a brief form what he thinks are the essential 
data and results. The original data and their 
analyses are so voluminous that the reports con- 
taining them must be consulted by those who 
may wish to consider the subject in an exhaust- 
ive way. 

The writer has considered with care the two 
views on isostasy, one holding that the earth’s 
crust extends to a certain depth below sea level, 
with varying densities of crustal material under 
elevations and depressions, and the other that 
the crustal matter has uniform density with 
varying thicknesses. The former is generally 
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spoken of as the Pratt theory and the latter the 
Airy theory. The writer is convinced from his 
studies that the former is a logical one, and that 
the latter is untenable. In applying isostasy to 
the consideration of the earth’s crust and the 
processes which cause horizontal and vertical 
movements of the surface, the writer uses the 
Pratt theory. 

The mass of geodetic, geophysical, and geo- 
logical literature dealing with isostasy is enor- 
mous. While a number of references to reports, 
books and papers have been given, the reader 
must consult the Bibliography of Isostasy, pre- 
pared by Prof. Adolph Knopf, of Yale Univer- 
sity, and published in 1924, by the National 
Research Council, Washington, D. C., for the 
most complete list existing. 

The first comprehensive investigations were 
made by the late John F. Hayford, when he 
was in charge of the geodetic work of the U. S. 
Coast and Geodetic Survey. Since 1909 the in- 
vestigations of that organization of the subject 
have been conducted by the writer. Many 
geodesists of other countries have also made 
studies. Included among them are: 

F. R. Helmert, S. G. Burrard, E. O. Schigtz, 
T. Niethammer, A. H. Miller, Otto Klotz, O. 
Hecker, G. Perrier, G. Sans Huélin, W. Heis- 
kanen, W. de Sitter, and H. L. Crosthwaite. 

The attempts in this book to interpret geo- 
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logic processes in the light of isostasy may result 
in stimulating investigations and analyses which 
should go far towards substantiating ideas pre- 
sented or proving them not to be valid. The 
writer wishes to acknowledge the help he has 
received from reading the works of others who 
have presented their views on the relation of 
isostasy to geology. There are many authors in 
this category, but the outstanding ones are: 

C. E. Dutton, Joseph Barrell, H. F. Reid, G. 
K. Gilbert, A. C. Lawson, F. Nansen, S. G. 
Burtard,-C.-K. Leith, R.A: Daly, and W. M. 
Davis. 

The writer wishes to pay tribute to the two 
Directors of the U. S. Coast and Geodetic Sur- 
vey, O. H. Tittmann and E. Lester Jones, whose 
support and encouragement made possible the 
isostatic investigations carried on by Hayford 
and the writer. But even with their help the re- 
sults accomplished were only possible because 
of the able assistance of the members of the 
Geodetic Division of the Survey. Especial men- 
tion must be made of C. H. Swick, W. D. Lam- 
bert, H. C. Mitchell, and the late Sarah Beall. 
The present Assistant Director of the Survey, 
R. L. Faris, has been unsparing in giving his 
time to discussions with the writer on the many 
ramifications of the isostatic investigations. His 
support and sympathetic attitude have been of 
the greatest value. 
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Most of the illustrations in this book have 
been used by the author in a number of his re- 
ports and papers; they are furnished for use in 
this volume by the U. S. Coast and Geodetic 
Survey, with the permission of the Director of 
that bureau, E. Lester Jones. In all other cases, 
specific credit is given. 
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ISOSTASY 


CHAT LER 


DEVELOPMENT OF THE ISOSTATIC 
PL BO RY: 


First ISOSTATIC IDEAS 


/ISOSTASY is a condition of the outer portion of 
‘the earth, called the crust, proved to exist by 
means of geodetic data. These data are usually 
employed in the determination of the shape and 
size of the earth. The word isostasy is derived 
from Greek words and it may be defined as 
“equal standing’ or “equal pressure.” ‘The 
isostatic investigations have shown that a level 
surface about 60 miles below sea-level is also a 
surface on which the outer material of the earth 
exerts a uniform pressure. 

We are forced to the conclusion, as a result 
of the proof of isostasy, that the average densities 
of the earth’s materials above the 60-mile sur- 
face vary from place to place. We may assume 
that the average density for the 60-miles under 
the coastal plains is normal. Under the conti- 
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nents and the larger islands, the average density 
is less than normal, while the average density of 
earth material under oceans is greater than 
normal. . 

The proof of isostasy is having a profound 
effect on geological and geophysical thought. 
The isostatic condition of the outer portion of 
the earth must be given careful consideration 
and full weight in hypotheses and theories ad- 
vanced to account for the great changes that 
have taken place in the earth’s surface during 
geological times. 

It is hoped that some geologist versed in the 
early geologic literature will tell us some time 
of the first glimmerings of the isostatic idea. 
This would make an interesting and valuable 
historic document. It is well known that Bab- 
bage and Herschel in the early part of the last 
century helped to lay the foundation on which 
the isostatic superstructure was begun by Airy 
and Pratt and completed by Dutton and those 
who came after him. 

Geologists and geodesists share the credit of 
the proof of isostasy. Without geologic knowl- 
edge the geodesists could not have properly 
interpreted the geodetic data and could not have 
planned the campaigns of investigations which 
have changed isostasy frorm a theory to a scien- 
tific principle. 

As is well known, the dimensions of the earth 
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are determined by comparing the measured and 
computed distances between places at which the 
astronomic latitudes have been observed. If the 
earth were a true sphere with a perfectly smooth 
surface and the densities of the earth material 
varied in the same way along all the radii of the 
earth, if two astronomic latitudes in a north and 
south line could be determined without error, 
and if the distance between the two latitude sta- 
tions could be measured with absolute accuracy, 
the exact circumference and diameter of the 
earth could be computed. (See Fig. 1.) 

Suppose the conditions of the earth to be the 
same as above with the exception that the sur- 
face is a spheroid instead of a sphere, a merid- 
ional section being an ellipse instead of a circle. 
In this case it would be necessary to have three 
latitude stations with measured distances be- 
tween them, or two pairs of stations in different 
latitudes with the distance measured between the 
stations of each pair. With these data the major 
and minor axes of the ellipse could be com- 
puted, and the shape and size of the earth be- 
come known. (See Fig. 2.) 

But the earth’s surface is not a mathematical 
figure and the variation of densities along the 
earth’s radii may or may not be the same. ‘There- 
fore, in the early determinations of the shape 
and size of the earth many astronomic stations 
were used on the assumption that the effect of 
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geodetic data were for comparatively flat areas 
S Ss a 
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Fic. r.—If the earth were a true sphere the linear value of one 
degree of latitude could be obtained by measuring the distance 
from O to O’, two stations on the same meridian, and by the 
measurement of the angle at O between the zenith Z and the star 
S and the angle at O’ between the zenith Z’ and the star S. The star 
at the time of observation must be on the meridian. Since the 
distance from the earth to any star is very great, directions to it 
from different places on the earth may be considered as parallel. 
With the linear and angular distances between the stations, the 
dimensions of the earth can be readily computed. 


such as in certain parts of Europe. It was from 
data in those areas that the earliest determina- 
tions of the dimensions of the earth were de- 
rived. But later on, attempts were made to use 
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the data collected in India. To the south there 
were broad and rather level areas with a great 
mountain system to the north. Here the con- 
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Fic. 2—If the surface of the earth were a true spheroid whose 
meridional section would be an ellipse the dimensions of the earth 
would be obtained by comparing the linear and angular dis- 
tances between three points on a meridian, O, O’ and O”. The 
earth’s surface is not a true spheroid and, therefore, many stations 
at which astronomic observations are made must be connected by 
linear measurements to furnish the data necessary to determine 
the shape and size of the earth. 


ditions were far different from those in Europe. 
The theory of isostasy would have come eventu- 
ally, but the configuration of India was just what 
was needed to give it birth. 
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DEFLECTIONS OF THE VERTICAL IN INDIA 


Airy and Pratt in using the India data in their 
figure of the earth investigations found large dif- 
ferences in the lengths of degrees of latitude as 
measured by triangulation between latitude sta- 
tions near and far from the Himalayan Moun- 
tains. The normal change in the length of de- 
grees of latitude from the equator towards the 
poles is small. For successive degrees the maxi- 
mum difference in length is 0.013 mile. In India 
far greater differences than this were found and 
there was no regularity in them. 

Airy and Pratt made computations of the 
effect of the Himalayan Mountains on the direc- 
tion of the plumb line, to which all astronomic ob- 
servations are referred. Before their time moun- 
tain masses were considered to be loads held in 
position because of great strength of the earth. 
When the effects of the mountains were applied 
as corrections to the astronomic latitudes, it was 
found that they were far too great to bring into 
agreement the latitudes derived from astronomic 
observations and from triangulation. The length 
of a degree of latitude equivalent to a distance 
of about 69 miles can be measured by triangula- 
tion with an error of less than 3 meters (10 feet). 

We have to rely upon written records to learn 
how Airy and Pratt developed the idea that the 
mountains were underlaid by abnormally light 
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material. Probably there had been much dis- 
cussion among the investigators and their asso- 
ciates before they put their thoughts into print. 
Most new scientific hypotheses and theories are 
preceded by periods of time of varying length 
before their definite formulation, and it was no 
doubt so with isostasy. 

The first clear-cut ideas published on the float- ~ ~ 
ing crust are contained in five papers, one by ~: 
Airy and the others by Pratt, all published in 
the Philosophical Transactions of the Royal 
Society of London.* 

We find little of note on the floating theories 
of the earth’s crust after Airy and Pratt until 
1889, the year of Dutton’s address. The papers 
which did consider the subject were written 
largely by mathematicians, physicists, and 
geodesists. From 1889 there has been a great 
growth in the floating crust (isostasy) literature, 
and geologists have contributed their share. 

Although the discovery that the earth’s crust 
is floating resulted from the use of deflections of 


1G. B. Airy; On the computation of the effect of the attrac- 
tion of mountain masses as disturbing the apparent astronomical 
latitude of stations in geodetic surveys. Vol. 145, page ror, 1855. 

J. H. Pratt; On the attraction of the Himalayan Mts., and of 
the elevated regions beyond upon the plumb line in India. Vol. 
145, page 53, 1855. On the influence of the ocean on the plumb line 
in India. Vol. 149, page 779, 1859. On the deflection of the plumb 
line in India caused by the attraction of the Himalayan Mts., and 
of the elevated regions beyond; and its modification by the com- 
pensation effect of a deficiency of matter below the mountain mass. 
Vol. 149, page 745, 1859. On the constitution of the solid crust of 
the earth. Vol. 161, page 335, 1871. 
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the vertical, and the same kind of data were used 
in Hayford’s first test of the theory of isostasy, 
the intensity of the earth’s pull on an object at 
its surface, called gravity, is equally effective in 
testing the theory of isostasy. 

With gravity data the shape of the earth may 
be determined, but not its size; only by means 
of astronomic determinations of latitude and 
longitude and the measurement of distances be- 
tween astronomic stations by triangulation or 
otherwise, may data be obtained for the determi- 
nation of the size of the earth. 


J IsosTASY ACCORDING TO AIRY 


Airy’s conception was that the continents and 
islands are resting hydrostatically on highly 
plastic or liquid material, with roots or projec- 
tions extending into the inner material, just as 
icebergs project downward into water. The 
greater the elevation of the continent or island the 
deeper is the downward projection. The greater 
elevations were due, according to Airy’s views, 
to greater thickness of crustal material beneath. 


IsosTASY ACCORDING TO PRATT 


Pratt’s views were that the continents and 
islands project above the average elevation of 
the solid surface of the earth because of material 
of less density beneath them; the higher the sur- 
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face the smaller the density. He held that the 
crustal matter extends to a uniform depth below 
sea level, where the earth’s materials change 
from a solid to a yielding condition. (See 
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Fic. 3.—According to the Pratt isostasy, level surfaces 60 miles 
or more below sea level are also surfaces of equal or uniform 
pressure. Above the 60-mile depth, surfaces of equal pressure have 
the general shape of the outer surface of the earth and they are 
not level. At all depths above the 60-mile surface there are stresses 
exerted in a direction from the high areas toward the low ones. 


The fundamental difference between Airy’s 
and Pratt’s views is that the former postulated a 
uniform density with varying thickness, and the 

‘ latter a uniform depth with varying density. 

Dutton’s conception of isostasy was that of 
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Pratt. The Pratt theory is more in vogue than 
that of Airy, though the latter has some strong 
advocates,—among whom are: Osmond Fisher, 
Alfred Wegener, A. Born, and A. C. Lawson. 

The isostatic investigations conducted by the 
U. S. Coast and Geodetic Survey under the di- 
rection of the late J. F. Hayford and the writer, 
which proved the theory of isostasy, are based 
on the Pratt conception. Those investigations 
were the first brought to a definite conclusion. 
In them were used vast quantities of geodetic 
data most of which related to the United States. 
Mention must also be made of the masterful 
research by Sidney Burrard while Superinten- 
dent of the Trigometrical Survey of India. The 
results of his investigations supplemented and 
strengthened the conclusions of Hayford and 
the writer, and the reports and papers issued by 
the three should be considered jointly by the 
student who may wish to resort to original 
sources. hese investigations were quantitative 
and in them accurate values of gravity at many 
stations, and numerous deflections of the vertical 
were used. 

G. R. Putnam in the last decade of the roth 
century, when a member of the U. S. Coast and 
Geodetic Survey, really made the first quantita- 
tive test of the theory of isostasy, but his con- 
clusions were very general in character. 

The qualitative side of the theory of isostasy 
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has been extensively considered by many students 
of the earth; their number is great and their 
names, therefore, cannot be given here. Some 
of the earlier ones, with titles of their works, 
are given on pages 135 to 138 of Special Publica- 
tion No. 40 of the U. S. Coast and Geodetic 
Survey, which was printed in 1917. For a more 
complete and recent list of writers see “Bibli- 
ography of Isostasy” by Adolph Knopf, printed 
by the National Research Council, Washington, 
De Sin 1024: 

The merits of the two conceptions of isostasy 
by Airy and Pratt are set forth elsewhere in this 
book. 


DUTTON ON ISOSTASY 


moneAprl 17th, 1571, C. E. Dutton readya 
paper entitled “The Causes of Regional Eleva- 
tions and Subsidence,’ before the American 
Philosophical Society, a summary of which ap- 
peared on pages 70 and 72 of the Proceedings 
of that society, Vol. 12, 1871-72. He remarked 
upon his desire to submit certain of his views 
regarding the causes of regional uplift and sub- 
sidence. He stated that he was unacquainted 
with any views on this subject in the writings of 
geologists which seemed to him satisfactory. 
This would lead one to believe that Dutton had 
rather carefully scanned the geological litera- 
ture, prior to the presentation of his paper, for 
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the purpose of learning the views of geologists 
on the major changes in elevation of the earth’s 
surface. 

Dutton outlined in his paper the theory that 


phism, which in his judgment extended down 
through the sedimentary rocks; was _ the 
primary cause_of the increase or decrease in 
the density of rocks. He concluded that if 
there were a 5 percent change in density as a 
result of metamorphism the average elevation 
of the North American continent above the 
ocean could be accounted for by the expansion 
of a series of rocks as thick as the carboniferous 
in the State of Pennsylvania. He held that the 
metamorphic action probably extended to a 
depth of at least eight or ten miles. 

Dutton thought that_rocks far down below 
the surface, aided no doubt by heat under the 
influence of great pressure, take up large quanti- 
ties of water, carbonic acid, and sulphuric acid, 
become softened and assume _a density lighter 
than the average mass of overlying rock. In a 
somewhat similar manner Dutton explained the 
intrusion of traps, trachytes, and basalts. 

The summary of Dutton’s paper closes with 
the following statement: 


If the views be correct, then we ought to expect that 
volcanic regions will be confined to those areas which 
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have recently been regions of marked elevation. And 
we find this to be the case. In America, the whole ex- 
tent of the Rocky Mountains and of the Andes, so far 
as known, was covered by the ocean at the beginning 
of the Tertiary period. The elevation of the Rocky 
Mountains was probably earlier than that of the Andes, 
and sooner completed. Hence, while the former was 
the scene of an unparalleled amount of volcanic action 
during the Pliocene and Miocene, and is now nearly, 
or quite, quiescent, except in Southern Mexico, the 
Andes still abound in active volcanoes. The East Indian 
volcanic regions are all of Tertiary formation, as are 
those of the Mediterranean and the Auvergne. 


Seventeen years later Dutton had arrived at 
the definite conclusion that the major changes in 
elevation of the earth’s surface could not be 
caused by collapse of the crust on a shrinking 
nucleus, called for by the contractional hypothe- 
sis. He believed the fundamental cause of the 


ee is erosion 
and sedimentation, and he considered the crust 
to be weak enough to yield under the unloading 
and loading. His views on this subject are given 
in his paper entitled, “On Some of the Greater 
Problems of Physical Geology” delivered before 
the Philosophical Society of Washington on 
April 27th, 1889, and printed in Bulletin No. 
II of that society. The paper was re-printed in 
the Sept. 19, 1925, number of the Journal of the 
Washington Academy of Sciences. Some of the 
views expressed in that paper are summarized 
below. 


14 '_ ISOSTASY 


He stated that the forces which act_on the 
earth’s mass are gravitation and the forces result- 


ae 


ing from the rotation of the earth on its axis. He 
stated that the earth, if composed of homogene- 
ous material, would assume the form of an oblate 
spheroid, but if heterogeneous, with some parts 
heavier or lighter than others, the normal figure 
would not be spheroidal. In this connection he 
said: 


Where the lighter _matter_was accumulated there 
* would be a tendency to bulge, and where the denser 
matter existed there would be a tendency to flatten or 
depress the surface. For this condition of equilibrium 
of figure, to which gravitation tends to reduce a plane- 
tary body, irrespective of whether it be homogeneous 
or not, I propose the name Isostasy. I would have pre- 
ferred the word isobary, but it is preoccupied. We may 
also use the corresponding adjective, isostatic. An 
isostatic earth, composed of homogeneous matter and 
without rotation, would be truly spherical. If slowly 
rotating, it would be a spheroid of two axes. If rotating 
rapidly within a certain limit, it might be a spheroid 
of three axes. 

But if the earth is not homogeneous—if some por- 
tions near the surface are lighter than others—then the 
isostatic figure is no longer a sphere or spheroid of revo- 
lution, but a deformed figure bulged where the matter 
is light and depressed where it is heavy. 

u 
In the above quotation from Dutton’s paper 
the word isostasy made its first appearance. 
After presenting evidence to show that the 


earth’s crust sank under the weight of sediments, 
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and was uplifted to restore equilibrium under 
_ areas of erosion, he gave an idea of the mass 
_which may not escape isostatic equilibrium: 


j The magnitudes of the masses which thus show 
isostatic tendency are in some cases no greater than a 
single mountain platform, less than a 100 miles in 
length, from 20 to 40 miles wide, and from 2500 to 
3500 feet mean altitude above the surrounding low- 
lands. From this we may directly infer that in those 
regions the effective rigidity of the earth is insufficient 
to uphold a mass so great as one of those platforms if 
that mass continued a real deformation of isostasy; and 
if an equal mass were to be suddenly removed the earth 
would flow upward from below to fill the hiatus; hence 
we must look to considerably smaller masses to find a 
defect of isostasy. It is extremely probable that small 
or narrow ridges are not isostatic with respect to the 
country round about them. Some volcanic mountains 
may be expected to be non-isostatic, especially isolated 
volcanic piles. 


The magnitude of the mass which is compen- 
sated, according to Dutton, is of the order of 
magnitude of the mass proved to be at least 
largely compensated by the isostatic investiga- 
tions made by the writer. See page 104. 

Dutton next stated that values of gravity and 
deflections of the vertical substantiate the views 
advanced by him. He claimed that the weight 
of the sedimentary material derived from the 
land and deposited along the coastal waters con- 
stitute a static force acting on a viscous support 
below which would tend to push the loaded sea 
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bottoms horizontally inward upon the unloaded 
land. 


This gives us a force of the precise kind that is 
wanted to explain the origin of systematic plications. 
Long reflection and considerable analysis have satisfied 
me that it is sufficient both in intensity and in amount 
unless we assume for the mean viscosity of the superfi- 
cial and subterranean masses involved in the movement 
a much greater value than I am disposed to concede. 
The result is a true viscous flow of the loaded littoral 
inward upon the unloaded continent. 

It must be true, since isostasy exists, that there 
is a movement from the area of sedimentation 
toward that of erosion, but while Dutton claimed 
the movement is of Moaded littoral,” the isosta- 
sists of today hold that the movement occurs in 
sub-crustal space, and not near the surface. 

Dutton held that the parallelism of the folds 
in a mountain system, and their occurrence in 
long narrow belts are caused by the horizontal 
forces developed by the weight of the sediments, 
but we are led to the conclusion that Dutton be- 
lieved the movements were close to the surface. 

He discussed briefly general elevations and 
subsidences of portions of the earth’s surface. He 
stated very positively that the theory of isostasy 
offers no explanation of these changes in level. 
He held that the idea_of_isostasy means the 
maintenance of profiles against lowering. by 


erosion, or. raising by sedimentation. He be- 


lieved that there is some other cause than isostasy 
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at work to make great general changes in eleva- 
tion. He expressed his views on this subject in 
the following paragraph: 


Whatever may have been the cause of these great 
regional uplifts it in no manner affects the law of isos- 
tasy. What the real nature of the uplifting force may 
be is, to my mind, an entire mystery; but I think we 
may discern at least one of its attributes, and that is 
a gradual expansion, or a diminution of the density, of 
the subterranean magmas. If the isostatic force is opera- 
tive at all, this expansion is a rigorous consequence; for 
whenever a rise of the land has taken place one of two 
things has happened; the region affected has either 
gained an accession of mass, or a mere increase of vol- 
ume without increase of mass. We know of no cause 
which could either add to the mass or diminish the 
density, yet one of the two must surely have happened. 
But the difference of the two alternatives in respect to 
consequences is immense. If the increase of volume of 
an elevated area be due to an accession of matter, the 
plateau must be hoisted against its own rigidity, and 
also against the statical weight of its entire mass lying 
above the isostatic level. But if the increase of volume 
be due to a decrease of density there is no resistance to 
be overcome in order to raise the surface. Hence I in- 
fer that the cause which elevates the land involves an 
expansion of the underlying magmas, and the cause 
which depresses it is a shrinkage of the magmas. The 
nature of the process is, at present, a complete mystery. 


Dutton’s views, presented thirty-seven years 
ago, derived only from geologic evidence and 
very scanty geodetic data, stamp him with the 
mark of greatness. The great accumulation of 
geodetic and geophysical data later, and the in- 
vestigations based on them, substantiate to a re- 
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markable degree what Dutton set forth in the 
Washington Philosophical Society paper, which 
has made him one of the outstanding men among 
students of the earth. 


IsOSTASY DEFINED 


pressure.” It is used to describe a condition of 
the outer portion of the earth, and is not a 
geological or geophysical process. Much has 
been claimed for isostasy as an active agent, but 
it is a condition of rest. It is based on some 
fundamental change with depth in the resisting 
properties of rock. 

Great masses of rock stand out as mountains 
above plains or valley floors. At times the slopes 
of the elevated masses are very steep. The out- 
standing masses are composed of materials 
which are under heavy stresses tending to flatten 
them out, but they have been and will be promi- 
nent features in the landscape for-great lengths 
of time. The materials have residual rigidity and 
strength which resist the flattening tendency. 
This rigidity and strength obtain, though with 
varying degrees, probably diminishing, from the 
surface down to some depth below sea-level, 
where a change in condition occurs. Below this 
materials may be rigid in the sense that they do 
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not yield under stresses acting for only short 
periods of time but they yield and conform to 
stresses, comparatively small ones, acting for long 
times, such as hundreds or thousands of years. 

The resisting upper rock may be likened to 
wood and ice resting in water. The water con- 
forms even to the smallest stresses or forces, 
while the wood and ice maintain their form. If 
the stresses on wood and ice are increased to a 
certain point they will be distorted or crushed. 

Since the outer materials of the earth have 
some residual rigidity they will rest on the 
underlying masses as wood or ice rest on water. 
The lower material, however, is not fluid, but 
a viscous material. Hence the condition is more 
like that of light solids resting on tar or 
asphaltum. In ‘any event the material of the 
outer portion of the earth retains its form, at 
least to some extent, for even geologic time, 
while the matter below yields and conforms to 
stresses resulting from the shifting of material 
over the earth’s surface by erosion and sedimen- 
tation. 

Asa result of this difference in resisting power 
of the outer and lower material there will be a 
depth below sea level at which the pressures due 
to gravity will be the same. This depth is uni- 
form except as affected by the increase of gravity 
from the equator toward the poles. Gravity 
being greater at the poles, a smaller thickness of 
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material of the same density there will equal in 
weight a given thickness at the equator. 

This equilibrium of the outer material of the 
earth on the material below is called Isostasy. 
In view of the statements made above it is 
readily understood that it is a condition of rest 
and quiet, not one of force and movement. 

There is continuous shifting of load over the 
earth’s surface by erosion and sedimentation. 
This disturbs isostasy and there is a readjust- 
ment. If two rafts of logs were floating in a lake 
and if some logs were taken from one raft and 
added to the other, the hydrostatic equilibrium 
would be temporarily disturbed, but would soon 
be restored. Some water would be pushed aside 
from under the augmented raft and a like 
amount would move up under the depleted one. 
This phenomenon familiar to all is just about 
what occurs at the depth of equal pressure down 
in the earth; but the movement of deep material 
does not adjust itself so rapidly nor so com- 
pletely to change of pressure above as does the 
water. 

Years ago many thought the earth had a 
liquid interior with a solid shell resting on it. 
The outer shell was called the crust of the earth. 
The outer portion is still thought of and spoken 
of as the crust, but this term does not convey a 
correct idea of the actual earth conditions as 
now understood. Since the term is so firmly 
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established in general usage, it is thought better 
to continue its use rather than to invent a new 
one. 

One of Webster’s definitions of the word crust 
is: “The hard external coat or covering of any- 
thing; the hard exterior surface or outer shell; 
an incrustation.” This definition seems to justify 
the continued use of the word crust to designate 
that portion of the outer earth which is solid and 
has residual rigidity and strength and which 
resists complete breaking down of form under 
gravitational stress. 


ILLUSTRATION OF ISOSTASY 


It is difficult at times for one to visualize the 
isostatic condition of the earth’s crust. It may 
help somewhat to consider a simple illustration. 
Let us take equal masses of a number of different 
metals having different densities but none 
greater than that of mercury. Have the several 
masses of metal cast into prisms of the same 
cross section. All the prisms will have the same 
mass and the same cross section, but they will 
differ in length inversely as their densities. If we 
should place these prisms in a vessel partly filled 
with mercury, one alongside of the other, we 
should find that as each prism has the same mass, 
the same cross section, and will displace the same 
amount of mercury, the lower bases of the 
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several prisms will be in the same plane. The 
upper surfaces of the prisms will project differ- 
ent amounts, thus forming a very irregular sur- 
face. (See Fig. 4.) The lower surfaces of the 
prisms define what may be called the depth of 
compensation. Now, suppose we should, in 
imagination, cut the earth’s crust into blocks by 
vertical planes and let the bases of these blocks 
be 60 miles below sea level and each 100 miles 
square or, if preferred, some larger or smaller 


MERCURY 


Fic. 4.—An illustration of isostasy. The blocks of metal, all lighter 
in density than mercury, have equal masses and cross sections. Each 
displaces the same amount of mercury and thus sinks to the same 
level as the other blocks. The upper surfaces of the blocks stand 
out at different heights, the lighter the block the higher it stands. 


square. Let it also be supposed there is no re- 
sistance to the vertical movement of a block with 
relation to the adjacent blocks by reason of fric- 
tion or other causes. According to the theory of 
isostasy each of the truncated pyramids will 
have the same mass, each will have the same 
area of its base, but the lengths of these figures 
will vary considerably. Therefore, the average 
density of the matter in each truncated pyramid 
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will be a function of the length of the block. We 
‘may express the above relations by a simple 
equation: 


Dexa constant), 


That is, if the volume, VY, of one of the blocks 
under consideration is greater than normal, the 
density, D, of the material in it must be less than 
normal. If the volume is less than normal, the 
density will be greater. 

Now, suppose the truncated pyramids of the 
earth were placed in a liquid or very plastic sub- 
stance of somewhat greater density than the 
earth’s crust. The lower bases of the blocks 
would form a smooth surface, while the tops of 
the blocks would form an irregular surface. The 
blocks would project amounts inversely propor- 
tional to the density of the material in them. 

The above illustration is for the isostasy of 
Pratt. 

In Fig. 5 is illustrated the isostasy of Airy. 
The blocks are of copper which are floating in 
mercury. The longer blocks stand out higher 
than the shorter ones, but they also project down- 
ward farther into the liquid. This figure was 
used by C. R. Longwell in his excellent review 
of A. Born’s book “Tsostasie und Schwere- 
messung,” which appeared in the Jan., 1925, 
number of The Geographical Review. 
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PRISMS OF THE EARTH’S CRUST 


In order to visualize the earth’s crust and how 
adjustments are made to restore isostasy, we may 
conceive the crust as being composed of prisms 
separated by vertical planes. (See Fig. 6.) 
The prisms will extend to a uniform depth, and 
if equal in cross section they will have the same 
weight or mass and therefore exert the same 
pressure on the subcrustal matter on which they 


Fic. 5.—An illustration of isostasy after the Airy, or Roots of 
Mountains, principle. In this case the blocks are of the same ma- 
terial, copper, have the same cross section but different lengths; 
each has a different mass, hence their surfaces extend to different 
depths in the mercury and extend upward to different heights. 
This should be contrasted with Fig. 4, which illustrates the Pratt 
idea of isostasy. From article by C. R. Longwell, Geographical 
Review, January, 1925. 


rest. The prisms are assumed to be free to move 
up or down without restraint from contiguous 
prisms. With this ideal condition a prism sub- 
jected to erosion would move upward, and the 
one on which sediments are deposited would 
move downward. The sub-crustal material 
would conform to the surface changes and move 
horizontally from below the weighted prism 
toward the lightened one. (See Fig. 23.) 
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Of course there is great frictional and shearing 
resistance to any vertical movements of the real 
crust under shifting loads at the surface, but 
since isostasy exists the crust must go up and 
down. : 
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Fic. 6.—If the earth’s crust should be cut into blocks of equal hori- 
zontal cross section by vertical planes, each block would have very 
nearly the same mass as each of the other blocks. The blocks would 
exert the same pressure on the subcrustal material. It is not 
definitely known what is the cross section of the block which may 
be in isostatic equilibrium independently of the surrounding blocks 
but it is probably of the order of magnitude of 50 or 100 miles 
square. 


TOPOGRAPHY COMPENSATES ABNORMAL 
DENSITY IN ISOSTATIC SHELL 


The Geographical Journal for July, 1920, con- 
tains a paper on isostasy, read by Colonel Bur- 
rard before the Royal Geographic Society.’ In 
the general discussion of which at the end of the 
paper is a statement by R. D. Oldham in which 


2“A brief review of the evidence on which the theory of isostasy 
is based,” The Geographical Journal, July, 1920. 
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he emphasizes the importance of stating clearly 
whether mountains are compensated by the de- 
ficiency of material in the prisms under them 
or whether they are the compensation of the 
light material in the prisms. It is the writer’s be- 
lief that a mountain mass is the result of the 
lighter material in the prism under it, rather 
than that the deficiency of density in the prism 
is due to the mountain mass. Likewise, the oceans 
compensate the excess of density under them. 
It is true that in America geodesists have spoken 
of compensating deficiency of material under 
the continents and compensating excess of ma- 
terial under the oceans as the result of the pres- 
ence of the continental mass above mean sea 
level in the one case and of the ocean volume 
with deficient density in the second case. How- 
ever, the writer wishes to go on record as being 
in favor of the theory that the mountains and 
the oceans are the result of the deficiency and 
excess of density, respectively, in the crustal 
prisms under them. 

The writer believes that it will be most con- 
venient to continue to speak of the compensation 
of land masses and of the deficiency of the mass 
in the oceans, but, with the explanation given 
above, the reader will not be misled into be- 
lieving that the isostasist holds that the con- 
tinents and oceans are the causes and the 
“isostatic compensation” the effect. 
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SHAPE AND SIZE OF THE EARTH 


If the earth were not rotating and its ma- 
terials were homogeneous with respect to depth 
—that is, if at any depth there were uniform 
densities around the whole earth and if the ma- 
terial were plastic—the actual surface of the 
earth would be a true sphere. This condition 
would be brought about by the attraction on 
each other of the particles composing the earth. 
The earth, however, is rotating and, due to the 
centrifugal force, the surface of the ideal earth 
mentioned above would be a mathematical fig- 
ure called a spheroid of revolution.* 

As a matter of fact the earth’s surface is 
irregular, due to the heterogeneous densities in 
the crust and to a degree of viscosity, at least in 
the outer mass, which resists the tendency of the 
material to arrange itself in strata each with a 
uniform density. If the earth’s materials were 
highly plastic, the mountains would flatten and 
their materials would spread over the continents, 
while the materials of the continents would flow 
out to the oceans and all irregularities in the 
earth’s surface would disappear. The water of 
the oceans would then spread out over the whole 
earth and have the same depth at all places. This 
is not strictly true, for equipotential surfaces at 


3 See F. Tisserand, Traité de Mécanique Céleste, Vol. II, Chaps. 
VI, VII, XIII, XV, and XVIII. 
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different altitudes are not parallel, but the devia- 
tion is extremely small. 

If sea-level canals were cut into the existing 
land areas of the earth, the surface of the waters 
of the oceans and of those connecting sea-level 
canals would form a figure of equilibrium very 
closely approximating a spheriod of revolution. 
The deviation of this imaginary surface from 
the mean spheroid of revolution would be a 
maximum of possibly roo meters. The maxi- 
mum deviations would occur under great moun- 
tain masses, such as the Andes, the Himalayas, 
and the Rockies. 

It is not necessary for the student of isostasy 
to have a complete knowledge of the attempts 
through the ages to solve the great problem 
which has ever been before human beings as to 
the shape and size of the earth. Many determi- 
nations of the shape and size of the earth have 
been made during the past hundred and fifty 
years, and many more will be made as geodetic 
data accumulate, for we shall always be inter- 
ested in obtaining greater accuracy in the de- 
rived dimensions, and to learn whether the shape 
and size obtained from the use of geodetic data 
in one continent agree with those based on the 
data for other continents. 

The equatorial radius determined by Hay- 
ford is 6,378,388 meters with a probable error 
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of 18 meters (about 60 feet). This probable 
error is small as compared with the length of 
the radius. This accuracy is sufficient for all 
geological studies, though in isostatic and other 
geophysical researches an even greater accuracy 
is desirable. 

Among the books and reports which give the 
various dimensions of the earth are: (1) John 
F. Hayford, “The Figure of the Earth and 
Isostasy from Measurements in the United 
States,” U. S. Coast and Geodetic Survey; (2) 
John F. Hayford, “Supplementary Investiga- 
tion in 1909 of the Figure of the Earth and 
Isostasy,” U. S. Coast and Geodetic Survey; (3) 
William Bowie, Special Publication No. 40, 
“Investigations of Gravity and Isostasy,” U. S. 
Coast and Geodetic Survey; (4) R. S. Wood- 
ward, “Smithsonian Geographical Tables’; 
Cores, tielmert,, “lheorien der Hoheren 
Geodasie”; (6) Arthur D. Butterfield, “A His- 
tory of the Determination of the Figure of the 
Earth from Arc Measurements,” Worcester, 
Mass., 1906. (7) Mansfield Merriman, “The 
Figure of the Earth,’ New York, 1881; (8) 
Captain (now Colonel) G. Perrier, “La Figure 
de la Terre—Les Grandes Opérations Géo- 
désiques” in Revue de Géographie Annuelle. 
Tome IT, 1908. 
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THE EARTH’S SURFACE 


The earth’s surface is irregular. Of the 197,- 
000,000 square miles of area 57,000,000 are land 
and 140,000,000 are water. (See Fig. 7.) The 
continents have mean elevations only a little 
above sea level; the elevation of the United 
States is only about 2500 feet on an average, and 


Fic. 7—The land area of a San surface is approximately 
197,000,000 square miles of which 57,000,000 square miles is land. 
The area of the United States, for which intensive isostatic investi- 
gations have been made, is close to 3,000,000 square miles. Other 
areas involved in the isostatic investigations are greater in total 
area than that of the United States. Some isostatic investigations 
have been made by utilizing gravity observations determined at 
sea in a submarine. That work was done by Dr. Vening Meinesz 
of the Dutch Geodetic Commission. 


this is about the average elevation for the whole 
of North America. The average elevations in 
feet of the continents (given in H. S. Washing- 
ton’s paper entitled “The Chemistry of the 
Earth’s Crust,’ Journal of The Franklin In- 
stitute, Dec. 1920) are: North America, 1888 
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feet; South America, 2078 feet; Africa 2021 
feet; Europe, 939 feet; Asia, 3189 feet; and 
Australia, 805 feet. 

It is difficult to obtain an estimate of the 
average depths of the oceans. The depths de- 
rived would depend upon the limits chosen for 
the several oceans, and the surveys of the oceans 
are so incomplete and fragmentary that the 
estimates might have large uncertainties. A fair 
estimate of the total amount of water on the 
earth has been made. It has been stated by Sir 
John Murray that if the waters were spread out 
uniformly over the earth’s surface the depth 
would be about gooo feet, somewhat less than 
two miles. 

The greatest elevation of land is that of Mt. 
Everest in the Himalayan Mountains which is 
29,141 feet above sea-level. The deepest place 
_ found in the oceans is east of the Philippine 
Islands, where the depth is abdéut 32,000 feet. 
The crest of Everest stands thus about 61,000 
feet above the lowest known place in the oceans. 

But in spite of the great irregularity of the 
solid surface of the earth, the water surface is” 
very close to a spheroid, a regular mathematical 
figure: The water surface is called the geoid. 
From investigations covering the area of the 
United States it was found that the maximum 
deviation of the geoid from the spheroid or 
average surface, is only about 19 meters (62 
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feet). No determinations have been made of the 
difference between the two surfaces in other 
countries, but it is believed that the maximum 
deviation, which should be found under the 
Himalayan and Andes mountains, is not greater 
than 100 meters (about 330 feet). 


RELATION BETWEEN SPHEROID AND GEOID 


The geoid is the form which would be taken 
by the surface of the oceans undisturbed by 
meteorological conditions and the tidal forces of 
the sun and moon. If sea-level canals were ex- 
tended over the continents, the average position 
of the surface of the water in them would coin- 
cide with the geoid. The water surface over the 
oceans and in the continental canals would at all 
places be at right angles to the plumb line or 
resultant direction of the attractive force exerted 
by the earth’s materials, including the water of 
the oceans, combined with the centrifugal force 
due to the earth’s rotation. . 

Owing to the irregular surface of the earth 
the geoid surface is irregular. It inclines upward 
from the oceans toward the continents and large 
islands. (See Fig. 8.) Within a continent it in- 
clines upward from a valley toward a plateau or 
mountain. 

It is impracticable to obtain equations for the 
surface of the geoid, due to lack of data. Besides, 
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if sufficient data were available, and equations 
were derived, it would not be convenient to make 
use of the geoid in the computations for the geo- 
graphical positions of objects; but it is practi- 
cable to derive a mathematical surface, a 
spheroid, which will be a close approach to the 


Fic. 8.—The surface of the waters of the ocean and of water in 
sea level canals, extended in imagination through continental areas, 
forms the geoid. It is irregular to the extent of having elevations 
or depressions as great as 100 feet. The elevations occur under 
land masses, especially islands and mountain systems. The de- 
pressions occur under valleys and over deep parts of the oceans. 
The average or mean surface of the earth is called the spheroid. 
It is derived from a combination of triangulation and astronomic 
data. The shape of the spheroid surface, but not its dimensions, 
can be determined by means of gravity data. 


geoid. For the area used in computing the 
spheroid the geoid surface will extend above the 
spheroid in some places and fall below it in 
others. 

Deflections of the vertical are derived from 
the differences between astronomic and geodetic 
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latitudes and longitudes. These deflections 
enable us to compute the inclination of the 
geoid surface to that of the spheroid. It is well 
known that the plumb line, to which astronomic 
observations are referred, is deflected toward 
land masses and away from large bodies of 
water. Notable examples of this are found on 
the island of Porto Rico and in Turkestan. In 
the former the plumb lines at Ponce and at San 
Juan are drawn together 56 seconds, correspond- 
ing to a distance of about 1 mile on the earth. 
These two places are only 33 miles apart in the 
north and south direction. Deep water lies both 
to the north and south of this island. 

The other notable deflection of the vertical is 
in a valley in Turkestan. The distance between 
two astronomic stations which are connected by 
triangulation is 65 miles in the north and south 
direction. The plumb lines at these two stations 
are drawn away from each other by 76 seconds, 
corresponding to almost 114 miles on the earth. 
To the north and south of the valley are moun- 
tains which cause the disturbance. | 

The method employed in computing the 
deviation of the geoid from the spheroid is set 
forth on pages 57-65 of “The Figure of the 
Earth and Isostasy.” If the deflection of the 
vertical or tilting of the geoid surface is 20 sec- 
onds of arc at a station where the geoid and 
spheroid surfaces intersect, and should this tilt- 
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Fic. 9.—An arc of triangulation along the ro4th meridian in the 
United States. It is by triangulation and connected astronomic data 
that we have deflections of the vertical which make possible one 
line of attack on the determination of abnormal densities in the 
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ing continue without change for 40 miles, the 
two surfaces at the latter place would be 20 feet 
apart. The two sides of an angle of one second 
deviate 1 foot at 40 miles. 

Along an arc of triangulation there are usually 
many stations at which the deflection of the ver- 
tical has been determined. Therefore, the larger 
variations of the geoid surface can be com- 
puted. A simple method is to assume that the 
tilting of the geoid at a station continues one- 
half the way to the next deflection station. 

Let it be assumed that in an arc of triangula- 
tion there are a number of deflection stations 
exactly 40 miles apart. Let the stations be num- 
bered 1 to 10 and let the midway points be num- 
bered the same as the preceding station with the 
letter “a” added. In the second column of the 
table following are given deflections of the ver- 
tical. Let it be assumed that the plus deflections 
indicate a tilt upward of the geoid surface in the 
direction of the increase in the numbers. The 
changes in the distance between the geoid and 
spheroid surfaces are shown in the fourth 
column, and the accumulated change is shown in 
the last column: 
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QUANTITATIVE TEST OF ISOSTATIC 
THEORY 


THE United States Coast and Geodetic Survey 
has extended triangulation along the Atlantic, 
Gulf, and Pacific coasts of the country, and in 
the interior to connect the coasts. In addition, 
that Bureau has determined the astronomic 
latitude, longitude, and azimuth at hundreds of 
triangulation stations. Much of the data for that 
work had been collected by the time John F. 
Hayford assumed charge of the geodetic work 
of the Bureau in 1899; but the triangulation was 
not a unit. It had been started at a number of 
places along the coasts and for each place some 
local astronomic station was used as the point 
from which to compute the geographic positions 
of the triangulation stations. This system was 
satisfactory until the extension of the triangula- 
tion brought the several systems into contact. 
Then there were found to exist gaps, overlaps, 
and offsets. All of these had to be eliminated 
before the triangulation system of the country 
could be used for figure of the earth investiga- 
tions. This codrdination was done by Hayford 
with the assistance of his highly trained asso- 
38 
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ciates in what was then known as the Computing 
_ Division of the Bureau (now a part of the 
division of geodesy). The amount of work to re- 
compute and readjust the triangulation system 
of the country and to compute the positions of 
the triangulation stations from a single station 
was enormous. But it had to be done for the use 
of those engaged in the surveying and mapping 
of the country, and for perpetuation of the loca- 
tion of our international, state, and county 
boundaries. It had an immense practical value 
as well as a scientific one. 

As the triangulation computations progressed, 
Hayford and his associates attacked the prob- 
lem of determining the attractive effect of the 
earth’s irregular surface on the direction of the 
plumb line at each of several hundred triangula- 
tion stations at which astronomic observations 
had been made. These computations included 
the effect of masses above sea level and de- 
Merencics \of imass im) the. Atlantic,: Gulf, cand 
Pacific, which were within 2564 miles of each 
station. In order that this might be done by the 
comparatively small personnel available, and 
within a reasonable time, Hayford devised in- 
genious methods for quickly reading the topo- 
graphic maps and for making the computations. 
He realized that a figure of the earth derived 
from deflections of the vertical data would have 
greater accuracy if corrections for the deficiency 
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of mass under land masses, and excess of mass 
under water areas, were applied to the astro- 
nomic data. The effect of the crustal abnor- 
malities would be to offset to some degree the 
attractive effect, positive or negative, of the 
topographic features. Therefore, in his plan he 
included the computation of the isostatic com- 
pensation of the topography. 


ASSUMPTIONS AS TO ISOSTATIC COMPENSATION 


To make the application of the theory of 
isostasy at all feasible in his figure of the earth 
investigations Hayford had to make certain 
assumptions of general applications. These 
were: 


(1) That the isostatic compensation of topo- 
graphic features is complete. 

(2) That each topographic feature, no matter 
how small in horizontal extent, is sep- 
arately in equilibrium. 

(3) That the compensation of the topo- 
graphic feature is directiy under the 
feature. 

(4) That the compensation is uniformly dis- 
tributed vertically. 

(5) That the compensation extends to a cer- 
tain depth, and that this depth is the 
same for all parts of the crust. This is 
called the depth of compensation. 
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These are artificial assumptions, one may say, 
but how else could the work have been done? In 
spite of the fact that Hayford made his tests 
twenty years ago, no one, not even the most 
vigorous opponent of isostasy, has made an ex- 
haustive analysis along other lines of the 
geodetic data used by him, nor has there been 
advanced any other scheme or plan for doing so. 

The degree to which these assumptions are 
effective is shown by the way their application 
reduced the outstanding difference between the 
astronomic and geodetic latitudes, longitudes 
and azimuths. This subject is discussed else- 
where in this publication. 

The same assumptions made by Hayford were 
later used by him and the writer in their test of 
the theory of isostasy by gravity data and later 
by the writer alone. While they were necessary | 
to simplify the computations neither Hayford 
nor the writer believed them to be strictly true. 
There must, from the nature of the case, be some 
variation in the depth of compensation from one 
part of the crust to another and it is inconceiv- 
able that each small feature is independently in 
equilibrium; that everywhere compensation is 
exactly complete; that all the compensation is 
directly below the feature; or that the compen- 
sation is uniformly distributed vertically. 

By the use of the assumptions, however, it was 
possible to prove that the theory of isostasy is 
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true to a remarkable degree, as is shown in other 
places in this book. What remained to be done 
was to work out the details and in this much has 
already been accomplished. 


METHODS EMPLOYED IN MAKING THE ISOSTATIC 
TESTS 


A detailed description of the method of using 
deflections of the vertical in testing isostasy is 
given in the “Figure of the Earth and Isostasy,” 
by J. F. Hayford, U. S. Coast and Geodetic Sur- 
vey, 1909. In it are shown the derivations of the 
formulas used, and how the effect of the topog- 
raphy and its compensation for various depths 
is computed, out to a distance of 2564 miles from 
each station. There are also described the 
methods by which the most probable depth of 
compensation, and the dimension of the 
spheroid, are derived. 

The methods of testing isostasy by means of 
values of gravity on land and sea are described 
in detail in Special Publication No. 10, of the 
Coast and Geodetic Survey, by J. F. Hayford 
and William Bowie, 1912. In that report are 
given the formulas used in the tests, and the 
tables for computing the effect of topography 
and compensation for the zones into which the 
whole surface of the earth is divided. The re- 
port contains many tables in which are given 
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data for the three methods used for mak- 
ing gravity reductions; namely, the Free Air 
method, in which the effect of topography and 
compensation are not considered; the Bouguer, 


Fic. ro.—/The interior of the pendulum case, showing the pendu- 
lum in position. Partial vacuum, 60 mm., is created in the case 
during the swinging of the pendulum. A plane in the head of the 
pendulum rests on the knife edge in the support. The pendulum, 
started with a total amplitude of 8 mm., has an amplitude of 
between 2 and 3 mm. after twelve hours’ swinging. The oscilla- 
tions of the pendulum are compared with the beats of a chronom- 
eter or clock by the coincidence method. 


in which only the effect of topography is em- 
ployed; and the Isostatic, in which the effect of 
both topography and compensation are applied. 

In Special Publications Nos. 12 and 40, of 
the Coast and Geodetic Survey, are shown the 
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methods for deriving the flattening of the earth, 
and in the latter the method of deriving the most 
probable depth of compensation. 

A complete work on Isostasy would contain 
practically all the contents of two reports on the 
use of deflections in testing isostasy, and of four 
reports on the testing of isostasy by gravity data. 
It is beyond the scope of this book to cover in 
detail the methods employed and the tests made. 
Besides, those desiring to make similar tests, and 
to study the methods intensively, can secure the 
essential reports of the U. S. Coast and Geodetic 
Survey, bearing on the subject, from the Super- 
intendent of Documents, Washington, D. C. 


RELIABILITY OF GEODETIC DATA 


There has been doubt in the minds of many 
geologists and geodesists as to the reliability of 
the data used in the isostatic investigations and 
of the conclusions that have been reached. The 
isostatic investigations involve both observations 
and computations. The observations are accurate 
beyond doubt; in fact, they are more accurate 
than are necessary in carrying on the investiga- 
tions. For instance, it is quite certain that the 
error of an observed deflection of the vertical is 
seldom greater than 0.5 of latitude or longi- 
tude, and the error of an observed intensity of 
gravity is seldom greater than 0.003 or 0.004 
dyne. We may conclude, therefore, that the ob- 
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served data are correct. They are accurate physi- 
cal measurements. 

The method used in computing the effect of 
topography on the deflections of the vertical and 
the accuracy of the computations are discussed 
in much detail in Hayford’s books on the figure 
of the earth and isostasy already referred to. The 
accuracy of the computed topographic effects as 
applied in the gravity reductions is discussed 
fully in Special Publication No. ro. It is not 
necessary to quote from these publications, since 
they are readily available to any one who wishes 
to study in detail the question of the accuracy of 
the topographic corrections. The writer believes 
that he is justified in stating that these topo- 
graphic corrections can be accepted as reliable 
and accurate. 

If we accept the statement that the observa- 
tions and the computed topographic corrections 
to the deflections of the vertical and to the in- 
tensity of gravity are correct to the required 
degree of accuracy, then there is left only the 
question of the reliability of the isostatic cor- 
rections. 


ACCURACY OF COMPUTATION OF ISOSTATIC 
COMPENSATION 


When geodetic measurements were corrected 
for the visible land masses and the deficiency of 
material in the oceans, there were outstanding 
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differences that showed decided relations to the 
character of the topography in the vicinity of 
the various stations. Isostasy was the theory ad- 
vanced to explain the presence of these outstand- 
ing differences. In order to make the computa- 
tions to test the theory of isostasy, some simple 
method had to be adopted. The most logical 
method seems to be the one used first by Hay- 
ford and since by others working in the geodetic 
field. The method is based on the assumptions 
that isostasy is complete; that the compensation 
is directly under the topographic feature, 
whether land or water; that the compensation is 
uniformly distributed vertically; and that it ex- 
tends from the surface of the earth to a uniform 
depth below sea level. 

Computations were made on this theory to 
obtain the effect of the isostatic compensation on 
the deflection of the vertical and on the intensity 
of gravity. The computations were made, first, 
for anumber of deflection stations in the United 
States, then for several in India, and later for 
gravity stations in the United States, Canada, 
Europe, and Asia. 

The corrections for isostatic compensation as 
thus computed were applied to the deflections 
of the vertical and to the values of gravity with 
the remarkable result that for the area of the 
United States deflection anomalies were on an 
average reduced to 10 per cent of what they 
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would be if there were no isostatic compensation 
and the average gravity anomaly to from 10 to 
15 per cent of what it would be on the rigid- 
earth hypothesis. These results indicate very 
clearly that the United States, both as a whole 
and locally, is in practically complete isostatic 
adjustment and that the computation of the 
isostatic effect is substantially correct. 


PREDICTION AS A TEST OF THE THEORY OF 
ISOSTASY 


In a recent article,* entitled “A brief Review 
of the Evidence on which the Theory of Isostasy 
is Based,’ Colonel Burrard brings out a num- 
ber of interesting points in connection with the 
subject. He shows how the isostatic method of 
computing the effect of topography and com- 
pensation enables one to predict with consider- 
able accuracy the value of gravity at any par- 
ticular station, and he shows that this can not be 
done by any other method. 

If we can predict the value of the deflection 
of the vertical or the value of gravity at a sta- 
tion and find when the observations are made, a 
difference between the predicted and observed 
values, or an anomaly, only 10 or 15 per cent 
as large, on an average, as it would have been if 
the prediction had been made with the rigid- 


1The Geographic Journal, Royal Geographic Society, London, 
July 1920, p. 47. 
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earth theory, then we may say that we have 
arrived at a theory that is workable and reason- 
able. The methods adopted by the geodesists can 
stand the test of prediction. Some other method 
not yet formulated may do equally well, but it 
can not depart materially from the one now in 
use. 


EXTENT OF THE ISOSTATIC TESTS 


The first comprehensive quantitative test of 
the theory of isostasy was made with 265 deflec- 
tions of the vertical in the meridian and 241 de- 
flections in the prime vertical in the area of the 
United States. A deflection in the meridian is the 
difference between an astronomic latitude and 
the latitude at the same point determined by 
triangulation. A deflection in the prime vertical 
is derived from the difference between an astro- 
nomic and a triangulation longitude, or between 
an astronomic and triangulation azimuth. The 
astronomic latitudes, longitudes, and azimuths 
are affected by the irregular surface of the earth 
and abnormal densities of crustal material. 

The report of the first test appeared in 1909. 
A second test involving 381 deflections in the 
meridian, and 384 deflections in the prime verti- 
cal in the United States was made immediately 
after the first one, a report on it appearing in 
1910. These two tests were made by the late J. 
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F. Hayford, of the U. S. Coast and Geodetic 
Survey. 

In September, 1909, Hayford presented to the 
International Geodetic Association a short paper 
giving the results of the application of the theory 
of isostasy to the reduction of 56 gravity stations 
in the United States. The results were in accord 
with those obtained when the theory had been 
applied to reductions of deflections. Then fol- 
lowed investigations involving gravity stations in 
a number of widely separated areas of the earth. 

The tests have now become quite general and 
with each additional area used the isostatic idea 
has been strengthened. It seems safe to assert 
that the theory of isostasy has been proven and 
it may now be spoken of as the zsostatic 
principle. | 

The following table gives the essential data 
for the gravity stations for which reductions 
have been made by the isostatic method. The de- 
tailed data for these stations are published in 
the reports and papers whose titles are given in 
the foot-notes on page 51. 

A disk of material with a density of 2.67, of 
great horizontal extent and 30 feet in thickness, 
will affect the value of gravity o.oo1 dyne. It 
requires a deficiency or excess of matter below 
a gravity station equivalent to a layer 600 feet 
in thickness to affect gravity 0.020 dyne and 
equivalent to a layer goo feet in thickness to 
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DatTA FOR GRAVITY STATIONS REDUCED BY THE IsosTATIC METHOD 
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affect gravity 0.030 dyne. The maximum anom- 
aly on a continent for stations considered in the 
above table is —o.093 dyne. This may be caused 
by a deficiency of mass equivalent to about 2800 
feet. There are two anomalies of +-0.129, one on 
the Mediterranean Sea and the other on an 
island off the coast of Norway. Each could be 
caused by an excess of mass of about 4000 feet. 
It is seen that even the larger anomalies do not 
require’ a mass comparable in amount to the 
masses present in the great mountain systems. 

The means, without regard to sign, are quite 
small as compared with what the mean anom- 
alies would be if the irregular surface of the 
earth were not considered compensated. 

If the means for the several groups in the 
above table are considered as if they were for 
single stations, we should have 9g positive and 


1. Special Publication No. 10, by J. F. Hayford and William Bowie; 
Special Publications Nos. 12, 1914}; 40, 1917; and 99, 1924; by William Bowie, 
all of the U. S. Coast and Geodetic Survey, Washington. 

Each of five groups of stations close together was considered as a single 
station in taking means, etc., and two stations had zero anomalies. There 
are now in the United States 308 gravity stations, for which data are 
available. 

2. “Gravity in Northwestern Canada,” Publications of the Dominion Obser- 
vatory, Vol. VIII, No. 6, Ottawa, 1924; and “Gravity Results in the 
Mackensie Basin,” Journal of Royal Astronomical Society of Canada, Nov.— 
Dec., 1923, both by A. H. Miller. 

3. Prof. Paper No. 15, by H. J. Couchman, Survey of India, 1915. 

4. “La Reduccién Isostatica de Neustras Estaciones de Gravidad,” by 
Guillermo Sans Huelin, Memorias del Instituto Geographico » Catastral, 15, 
1926. And Amer. Jour. of Science, Oct. 1926, review of above article by 
William Bowie. 

5. “Isostasy in Western Siberia,” by William Bowie, Amer. Jour. of 
Science, Vol. 21, February, 1926. 

6. “Isostatic Reduction, by the U. S. Coast and Geodetic Survey, of the 
results of the Pendulum Observations at sea made in 1923 between Holland 
and Java.” Pub. of the Dutch Geodetic Committee, 1926. 

7. “Isostasy in the Southern Pacific,” by William Bowie, Journal, Wash- 
ington Academy of Sciences, Vol. 15, No. 20, 1925. f 

8. “Untersuchungen iiber Schweriraft und Isostasie,’ by W. Heiskanen, 
Publication of the Finnish Geodetic Institute. 
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4 negative anomalies. The means, with and with- 
out regard to sign, would be +-o.010 and 0.024, 
respectively. If the 3 groups of sea stations are 
omitted there would be 6 positive and 4 negative 
anomalies. The means, with and without regard 
to sign, would be, respectively, --o.00§ and 
0.019. 

Of the 27 Alps stations, 8 have anomalies 
above 0.030, while 16 of them have anomalies 
below 0.020. 

There are 7 stations in the Indian Ocean 
above depths of water between 2100 and 2400 
fathoms. The maximum anomaly for these sta- 
tions is —o.o16. There are 2 positive and 5 nega- 
tive anomalies. The mean anomalies, with and 
without regard to sign, are, respectively, —0.00§ 
and 0.010. 

It cannot be said that the sea stations in the 
three groups considered in the above table truly 
represent the isostatic condition of the crust 
under ocean areas. Many of the stations are close 
to the coast and they have the larger anomalies. 
The writer is inclined to think that the anomalies 
for sea stations far from land would, in general, 
be smaller than the average of those considered 
above. 

There are 585 gravity stations considered in 
the above table. They are scattered over a large 
range in longitude and in latitude from 22 de- 
grees south to nearly 71 degrees north. The data 
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now at hand seem ample to test the isostatic con- 
dition of the earth’s crust. The results of the test 
justify one in the conviction that the theory of 
isostasy has been changed to principle of 
isostasy. 


CHAPTER IE 


ASSUMPTIONS UNDERLYING COM- 
PUTATIONS OF ISOSTATIC EFFECT 


DATUM USED FOR COMPUTING THE EFFECT OF 
"TOPOGRAPHY AND COMPENSATION 


IT has been held that errors have been made in 
the isostatic reductions as a result of having 
adopted mean sea-level as the datum for com- 
puting the topographic and compensation cor- 
rections instead of having adopted some other 
plane of reference as, for instance, the bottom of 
the ocean or the bottom of the sedimentary 
rocks. It may be well to point out here that there 
would be slight changes in some of the gravity 
anomalies if the datum plane were changed 
from sea-level to some other depth, say several 
miles below. | 

The same reasoning that is used on page 57, 
in connection with the distribution of isostatic 
compensation vertically and its effect on the in- 
tensity of gravity and the deflection of the ver- 
tical, will apply equally well to this question of 
the datum plane. With mean sea-level as the 
plane, the average density of the material in the 
prisms which are under the coastal plains is 

54 
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assumed to be normal, and the density of the ma- 
terial under the oceans is greater than normal 
and under the continents less than normal. We 
can just as readily use a datum plane below sea- 
level, even at a depth equal to the greatest depth 
of the ocean. Then we should have to assume 
that the material in the prism under the deepest 
part of the ocean had normal density and that 
all other prisms have abnormally light density. 
Which is more logical, to assume densities lighter 
than normal in practically all of the outer por- 
tion of the earth or to assume that the density is 
less than normal for a part and greater than nor- 
mal for the remainder? 

In an article* on the hypotheses of isostasy 
Prof. W. D. McMillan favored the depth of 
9,000 feet below the present sea-level as the 
datum to which all of the computations should 
be referred in treating the effect of topography 
and isostatic compensation. This is the depth, 
according to McMillan, to which the earth 
would be covered with water “if the solid por- 
tion of the earth were altogether lacking in 
rigidity and if the concentric layers were homo- 
geneous in density.” 

Possibly this depth of 9,000 feet would be 
a more logical one than mean sea-level, but 
mean sea-level is something that we can use in a 
practical way. It is the surface of the water of 


1 Journal of Geology, February-March, 1917. 
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the oceans, and elevations on land can be easily 
referred to it. As a matter of fact, any equipoten- 
tial surface of the earth or above it could be used 
as the datum for the computation of the effect 
of topography and isostatic compensation, but 
it is believed that the results would be the same 
as those obtained by the use of mean sea-level as 
the datum. 


DENSITY OF MATERIAL BETWEEN EARTH'S SUR- 
FACE AND DEPTH OF COMPENSATION 


There has been much confusion as to just 
what is the stand of the isostasists in regard to 
densities in the earth’s crust. In isostatic investi- 
gations there is no need to use a numerical value 
for the average density of the materials of the 
earth’s crust for any prism. What is attempted 
is to weigh by indirect methods the differences 
in mass or deviations from the normal average 
density of the various imaginary prisms into 
which the crust may be divided. For instance, if 
D represents the average density of the crust 
under the coastal plains, then the average density 
of the material of the crust under the land masses 
is less than D and under the oceans is greater 
than D. 

There are certain normal or average densities 
for the various zones or layers of material below 
sea-level, and isostasists are concerned simply 
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with the deviation from these unknown normal 
densities. It is generally accepted that the den- 
sity of the earth increases with the depth, but it 
is readily seen that, as far as the computation of 
the effect of isostatic compensation is concerned, 
only the deviations from the unknown normal 
density need be considered. 

Isostasy is based on the idea that the mean 
density of a unit prism of the earth’s crust times 
its volume is a constant, and therefore that the 
mean density of these prisms of the same cross 
section, all extending to a certain depth below 
sea-level, will vary inversely as the volume. 
Consequently, under a mountain mass the prism 
will be longer, the volume greater, and the den- 
sity less than normal; under the coastal plain the 
density and volume will be normal; and under an 
ocean the prism will be shorter, the volume less, 
and the density greater than normal. From the 
geodetic evidence we must conclude that these 
conditions are substantially true. 


DISTRIBUTION OF COMPENSATION 


Uniform Distribution Vertically 


It is more logical to think that the compensa- 
tion is distributed through a long prism rather 
than through a very short one, or through a very 
short section of a prism, say, 5, 10, or 20 miles 


Pa 
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in length. In a small volume it would require 
a rather decided decrease or increase from nor- 
mal densities, especially in prisms under high 
mountains or deep oceans. We might assume 
that the compensation is nearly all confined to a 
certain part of the prism with other parts re- 
ceiving much smaller amounts, but the computa- 
tions show that no matter how the compensation 
is assumed to be distributed its center of gravity 
must be approximately 40 kilometers below sea- 
level in order that the computed corrections may 
reduce the gravity and deflection anomalies to 
the extent that they are reduced by the uniform 
distribution. 


UPPER AND LOWER LIMITS OF COMPENSATION 


Probably we shall never be able to determine 
whether or not the compensation of topography 
is distributed uniformly with regard to depth, 
and we may not be able to learn what are the 
limits of the compensation layer, but it would 
seem to be logical that the compensation is dis- 
tributed from some point not far below the sur- 
face down to the limiting depth of the crust. 

The areas that now stand above sea level as 
continents and islands have been below sea-level 
at one or more times in the geological past. They 
are now in isostatic equilibrium, and that equi- 
librium requires a deficiency in density in the 
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crustal material below them. Some process must 
have been operating to cause the lighter density. 
Does it not seem more reasonable to assume that 
the whole thickness of the crust—or nearly all 
‘of it—should be affected rather than that the 
deficiency of density should occur only in a very 
thin layer. 

As far as horizontal distribution of density is 
concerned, it seems more probable that whatever 
action was going on below the uplifted areas was 
not confined to very small prisms of the crust, 
but that it probably affected rather large ones. 
Much of the uplift has occurred where previ- 
ously there had been heavy sedimentation. It 
would seem that the increase of volume and de- 
crease of density were results of the laying down 
of sediments and the sinking of the crust under 
the weight of the added load. 

It is probable, therefore, that if a large area 
which had once been subjected to sedimentation 
were affected by a change of volume below, the 
change would be more or less regional in its na- 
ture. It would seem, for instance, that a mountain 
peak like Mt. Shasta, or Pike’s Peak, is not held 
in its elevated position bya deficiency of material 
extending in a small prism from the earth’s sur- 
face down to the depth of compensation, about 
60 miles below sea-level. It is more probable 
that the individual mountain peaks and their 
bases are supported regionally. How far re- 
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gional compensation extends is not known, but 
probably not more than 25 to 50 miles radially 
around the topographic feature. 

Since the surface configuration is compen- 
sated by a deficiency of density below continents 
and islands, and by an excess of density under 
oceans, and since for any particular area those 
deviations from normal densities have probably 
been due to some process that has operated in 
recent geological times, we must conclude that 
the compensation could not extend out to the 
solid surface of the earth. Such process as may 
have changed an ocean area to a mountain sys- 
tem or plateau, or a portion of the continent to 
an inland sea or a continental shelf, was prob- 
ably due to thermal expansion or contraction 
supplemented by chemical and physical changes 
initiated by changes in the temperature of the 
crustal material. Such changes of temperature 
would have been caused by the pushing down of 
crustal material under the weight of sediments, 
and the pushing up of crustal material by 
isostatic adjustment where surface material had 
been eroded away. 

If any block of the earth’s crust were subjected 
to a uniform change in temperature the thermal 
contraction or expansion, as the case might be, 
would be very nearly uniform from the upper 
to the lower surface of the crust. But such 
changes in temperature are probably not uni- 
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form throughout, at least not under an area of 
sedimentation. The sedimentary material that is 
now deposited at the surface may be several 
miles below sea-level some millions of years 
from now, as the sedimentary bed thickens. 
While the earliest sediments of an area would 
go down to a hotter region, the last of the sedi- 
mentary material would not have any change of 
temperature whatever as a result of the sinking 
of the crust under sedimentation. The average 
change in temperature of the sedimentary ma- 
terial would be one-half the increase of the first 
sediments laid down. On the other hand, all 
of the material of the crust below the sediments 
would have sunk to a depth approximately equal 
to the thickness of the sediments. Therefore, if 
the temperature gradient is the same from the 
surface to the bottom of the crust, each part of 
the crust that has been pushed down, excepting 
the overload of sediments, would have been in- 
creased in temperature a uniform amount. All 
of the original crustal material would expand 
uniformly, due to ordinary thermal action, but 
since there must be a cause of expansion in 
addition to thermal expansion, it 1s possible that 
different amounts of expansion occur at differ- 
ent depths. The chemical or physical re-action 
is probably a function of depth and pressure, and 
while a change of temperature of 200 or 300 de- 
grees centigrade at a certain depth in the earth’s 
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crust might make the material reach a critical 
temperature with resulting physical or chemical 
changes, a like change in temperature might not 
start chemical or physical reaction in the crust 
at a different depth. 

It would seem necessary to limit the zone of 
compensation between the lower limit of the 
crust and the depth to which the recent sedi- 
ments extend in an area of recent sedimentation. 
For instance, under such a region as the Indo- 
Gangetic plain, we should expect the compen- 
sation not to begin at a higher elevation than the 
bottom of the recent sediments over that plain. 
It seems possible, and even probable, that the 
compensating deficiency of density may not 
occur until a depth of ten or more miles below 
the earth’s surface is reached. ‘The critical tem- 
peratures at which chemical or physical re- 
actions might take place may not be reached in 
the outer layers. 

The study of geodetic data in mountainous 
regions may give some idea as to the depth at 
which the compensation may begin. It is evident 
that values of gravity on a comparatively flat 
area do not lend themselves to the determination 
of the variations in the depth of compensation, 
or of the depth at which the compensation 
begins. On the other hand, in a mountain region 
where there is much topography to be compen- 
sated, a comparatively small change in the 
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assumed depth of compensation and in the upper 
limit of the compensation should have noticeable 
effects on the computed values of gravity. The 
gravity values in mountainous regions are sensi- 
tive to the vertical shifting of the compensation 
layer. 

An investigation bearing on this subject is now 
under way in the office of the U. S. Coast and 
Geodetic Survey, and a printed report on it 
should appear in the near future. 


HORIZONTAL DISTRIBUTION OF COMPENSATION 


The distribution of the compensation hori- 
zontally with relation to the topographic fea- 
tures has received attention from those geolo- 
gists who hold that the earth’s material is very 
rigid and capable of withstanding great loads. 
It has also received the attention of geodesists 
who have computed the effect of several hori- 
zontal distributions of the compensation of topo- 
graphic features. It can not be said that any very 
definite conclusions have been reached in this 
matter, as from the nature of the case mathe- 
matical treatment can not give very accurate 
results. At the same time the evidence is all in 
favor of limiting the horizontal distribution 
within a reasonably short distance. When the 
compensation is distributed horizontally to a dis- 
tance of roo miles in all directions, the gravity 
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- anomalies become more discordant than when 
distributed close to. the feature.* 
It is difficult to see why a plain 100 miles from 
a mountain should help bear the mountain mass. 
The mountain mass is not picked up bodily and 
placed on the earth’s crust, but it is formed from 
the crust, and whatever caused the uplift acted 
locally rather than regionally. Of course, no one 
would hold that all of the compensation of a 
single mountain peak or ridge is located directly 
under it and confined within the base of the 
mountain peak or ridge. The compensation 
naturally extends out some distance, but that it 
extends for hundreds of miles around each large 
topographic feature is beyond the possibilities. 
Such an assumption would certainly cause the 
computed anomalies to be large. We may infer 
from the geodetic data available that the com- 
pensation is distributed locally under the topo- 
graphic feature or to a distance not greater than 
about 100 miles in all directions. 
McMillan * made the statement that: 
From a purely mathematical point of view any set of 
a finite number of observations of the intensity and 
direction of gravity can be satisfied not approximately 


but exactly in infinitely many ways by a proper distribu- 
tion of the density in the earth. 


2 William Bowie, “Investigations of Gravity and Isostasy,” U. 
S. Coast and Geodetic Survey Special Publication No. go, and “Our 
present knowledge of isostasy from geodetic evidence,” Journal 
of Geology, July-August, 1917. 

8 Journal of Geology, February~March, 1917. 
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This statement is justified mathematically, but 
any distribution of the densities that would 
- exactly eliminate the anomalies of the deflections 
of the vertical and of the intensity of gravity but 
that would not be general in its application 
would be so artificial as not to be reasonable. The 
writer believes that the only hypothesis that will 
carry weight is one that will be very general in 
its application. We can not assume one depth of 
compensation for one station or a general group 
of stations, another for a second group of sta- 
tions, and so on through the list, nor can we 
assume different distributions of densities hori- 
zontally and vertically for different stations or 
groups of stations. This would be merely guess- 
work, for no one can really tell with certainty 
what variations there are in the isostatic shell of 
the earth, except in so far as they may be indi- 
cated by borings and by the exposed rocks. Mc- 
Millan is correct in saying that any general sys- 
tem that applies uniformly can be used only as 
a first approximation to the actual situation, and 
that “depth of compensation” and size of the 
“areas of compensation” depend for their suc- 
cessful determination on the vastly more difficult 
matter of second and higher approximations, 
and that these approximations can be obtained, 
if at all, only by a very much more dense net of 
observations. 

We must remember that the first approxima- 
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tion eliminates nearly all of the anomalies, and 
the second and higher approximations are 
needed only to perfect the details. They are not 
necessary in the establishment of the truth of 
isostasy. The first approximation has done this. 

The isostatic method used by Hayford, Bur- 
rard, and the writer, and accepted by many 
others, is certainly correct in its general princi- 
ples and is a long step in advance in geophysical 
science. It is probable that the exact depth of 
the compensation and the exact area over which 
the compensation of a feature is distributed can 
never be determined with mathematical preci- 
sion even for local areas. There will always be 
an error in the result, the size of which can not 
be determined. The writer believes that further 
refinement of the observations is unnecessary, 
because the outstanding anomalies in deflection 
and gravity work are large in comparison with 
the probable errors of the observational data. 
The deflection and gravity data are undoubtedly 
sufficiently accurate for all studies connected 
with isostatic compensation. 


HORIZONTAL LOCATION OF COMPENSATION 


Tests which have been made indicate that the 
gravity anomalies are as completely eliminated 
by distributing the compensation of the topog- 
raphy which is close to a station uniformly to a 
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distance of about 60 kilometers from the station 
as by assuming the compensation immediately 
under the separate topographic features. The 
gravity anomalies are increased somewhat if the 
compensation is distributed to a distance of 166 
kilometers from the station. 

In making the tests only stations in mountain- 
ous areas were used. It is evident that there 
could be nothing disclosed by the use of stations 
which are on comparatively level ground for if 
in a circle of 166 kilometers radius the elevation 
of the topography were nearly uniform, there 
will be the same amount of compensation under 
each unit area of the circle regardless of whether 
the compensation of each irregularity of the 
topography is considered to be directly under 
it, or uniformly distributed under the total area 
of the circle. 

Apparently, there is no way by which we may 
determine with certainty whether the compensa- 
tion is directly under a topographic feature, or 
distributed around it to a limited distance. The 
distance from the center of gravity of the com- 
pensation to the station will be approximately 
the same in each case, and the cosine of the angle 
formed by the vertical through the station and 
the line from the station to the center of gravity 
of the compensation will be nearly unity. The 
vertical component of the compensation will, 
therefore, be nearly the same for the local and 
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- for the regional distribution to moderate dis- 
tances. 

When the compensation of a topographic 
feature is distributed for a distance as great as 
166 kilometers the above does not hold true, for 
then the vertical components of the effect of the 
compensation will be quite different in the two 
cases, owing to the difference in the distances 
from the station to the centers of gravity of the 
compensation, and to the large difference in the 
vertical angles. 


COMPUTATION OF EFFECT OF LOCAL DEVIA- 
TIONS OF DENSITY ON GRAVITY 


Tables have appeared in U. 8S. Coast and Geo- 
detic Survey Special Publications Nos. 10, 12, 
and 40, and in Professional Paper No. 17 of the 
Survey of India, by which one can compute the 
effect of certain masses on the value of gravity. 
An extension of these tables is given on page 69. 

The use of the above table is facilitated by 
Fig. 14. The horizontal distances from the sta- 
tion, shown as a dot at the center of the top line, 
are in miles and the depths are in feet. The 
values of the attraction given in the table are 
in dynes. One one-thousandth of a dyne corre- 
sponds to one part in one million of the earth’s 
attraction. The density of the material was taken 
as unity in computing the table. In order to get 
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the attraction for a mass of greater density, say 
2.65, simply multiply the tabular value by this 
- number. If the effect in any volume of an excess 
or deficiency in density is desired, multiply the 
excess or deficiency by the tabular value for that 
volume. For instance, if the excess is 0.24 and 
the tabular value is o.o15, the attraction is 
+-0.004 dyne. With a deficiency of density the 
result will be minus. Several examples of the 
use of the table and diagram are given below. 

What is the effect of a deficiency in density of 
0.45 in a cylinder 1 mile in radius, 5,000 feet in 
length, with the upper end 3,000 feet below the 
station? From the table it is found that the effect 
of a column 8,000 feet in length and 1 mile in 
radius is 0.047. Also for a column 3,000 feet in 
length and 1 mile in radius the effect is 0.028. 
The difference between the two, o.org, multi- 
plied by 0.45, is the effect sought. This equals 
0.009 dyne. 

What is the effect of a deficiency of density 
of 0.35 in a cylinder 10,000 feet long and 2 miles 
in diameter, with its top at the surface and its 
axis 3 miles from the station? The value sought 
can not be gotten directly from the table, but we 
can obtain it by an indirect method. 

The attraction of a cylinder 4 miles in radius 
and 10,000 feet long, with top at the surface of 
the earth, is 0.099 dyne. Similarly, for a cylinder 
2 miles in radius and 10,000 feet long the attrac- 
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tion is 0.077 dyne. The difference between the 
attractive effects is 0.022 dyne. 

The area of the cross section of the hollow 
cylinder is 37.7 square miles. The area of a cir- 


Ae 


C 
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Fic. 12.—Disks of material of great horizontal extent, having dif- 

ferent densities of material but the same mass, exert the same 

attraction on unit masses at the center of their upper surfaces. 

If the unit masses are at different distances above the surface, they 

are attracted equally by the disks, provided the distance is small 

as compared with the horizontal extent. This principle is of im- 
portance in making isostatic investigations. 


cle 2 miles in diameter is 3.1 square miles. 
Therefore, the ratio, 3.1 divided by 37.7, multi- 
plied by 0.022 dyne, the attraction of the hollow 
cylinder, will give the attraction of the cylinder 
2 miles in radius, which equals 0.0018 dyne. 
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Now, multiply this by 0.35, the deficiency of 
density, and the answer is 0.0006 dyne. 

Let the conditions be as in the above problem 
except that the top of the cylinder is 5,000 feet 
below the surface. First, we find the value of 
a cylinder 4 miles in radius and 15,000 feet in 
length with its top at the surface. The value is 
0.130 dyne. From this subtract the effect of a 
cylinder 4 miles in radius and 5,000 feet in 
length, 0.056 dyne. The difference is 0.074 dyne. 
Next, take the value from the table for a cylin- 
der 2 miles in radius and 15,000 feet in length, 
0.092 dyne. From this subtract 0.050 dyne, the 
value for a cylinder 2 miles in radius and 5,000 
feet in length. The difference is 0.042 dyne. Sub- 
tract 0.042 dyne from 0.074 dyne and we get 
0.032 dyne, which is the value of the effect of a 
hollow cylinder with inner radius 2 miles and 
outer radius 4 miles, 10,000 feet in length with 
its top 5,000 feet below the surface. As in the 
previous problem, multiply the ratio of the area 
of the circle 2 miles in diameter to that of the 
cross section of the hollow cylinder, 3.1 over 
37.7, by 0.032 dyne, and we have 0.0027 dyne as 
the attraction of the cylinder for unit density. 
Then multiply 0.0027 dyne by 0.35, the de- 
ficiency of density, and we get 0.0009 dyne, the 
value sought. 

It is readily seen that from the table one can 
obtain the value of the attraction of masses of 
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various dimensions situated in different positions 
from the station. For a sphere or cube an equal 
volume of the hollow cylinder can be used with 
sufficient accuracy. 

Should the table not be comprehensive enough 
it may be readily extended. The formula for the 
attraction in dynes of a right cylinder on a unit 
mass (1 gram) located outside the cylinder but 
on its axis is 


ark s{ V2 +h — Ve + (h+ 02 +1} 
in which K is the gravitation constant, ® is the 
density of the material, c is the radius of the 
cylinder, ¢ is the length of the element of the 
cylinder, and A is the distance from the attracted 
mass fo.the neagest end of the cylinder, The 
walue of K may be taken as 6673 (10").° 


4See U. S. Coast and Geodetic Survey Special Publication No. 
10, 1912, pp. 13 and 17. 


CHAPTERSLY: 


ISOSTATIC CONDITION OF EARTH’S 
CRUST UNDER VARIOUS CLASSES 
OF TERRAIN 


RELATION OF GRAVITY ANOMALIES TO 
‘TOPOGRAPHY 


IF the earth were rigid with land masses as over- 
loads on the crust and with the deficiencies of 
mass in the oceans as underloads, the gravity 
anomalies on this theory would be the same as 
the attractive effect of the masses above sea-level, 
diminished by the negative attractive effect of 
the ocean deficiencies of mass. 

The isostatic gravity anomalies are, on an 
average, only 15 per cent of what the anomalies 
would be if the earth were considered rigid. This 
is the most important fact resulting from the 
isostatic investigations, for it shows that the 
earth’s crust is very nearly in complete isostatic 
adjustment. 

In the Bouguer method of reducing gravity 
data no account is taken of the isostatic compen- 
sation. The average and maximum Bouguer and 
isostatic anomalies in the United States are given 
in the following table.* 


1 Each of five groups of stations was treated as a single station 
by taking the mean anomaly for the group. 
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Number | Average | Average 
of without with Maxi- 
stations | regard to | regard to mum 

or groups sign sign 

Dyne Dyne Dyne 
Bouguer anomalies... . 296 0.048 —0.036 0.229 
Isostatic anomalies. ... 296 .O21 —0o.006 . 093 


Of the 296 anomalies 208 of the Bouguer are 
negative and 87 are positive, but of the isostatic 
168 are negative and 126 positive. The average 
Bouguer anomaly with regard to sign is — 0.036, 
but the isostatic is only —o.006. This is strong 
evidence in favor of the theory of isostasy. 

A very severe test of the theory of isostasy is 
given by the relation of the anomalies to the ele- 
vations of the stations. This test shows whether 
the anomalies are different from the various topo- 
graphic conditions. In the following table are 
given the average Bouguer and isostatic anoma- 
lies in the United States for various elevations: 


Average Bouguer Average isostatic 
Number anomalies anomalies 
Elevation of 
of stations in | stations 
in meters or Without With Without With 
groups | regard to | regard to | regard to | regard to 
sign sign sign sign 
Dyne Dyne Dyne Dyne 
o to 400 213 0.027 —0.010 0.022 —o.o1o 
401 to 800 32 .039 Oi .o18 SOLD 
801 to 1,200 16 . 104. OA .022 — .004 
1,201 to 1,600 15 .128 — .128 .022 + .o10 
Over 1,600 20 .184 — .184 .O14 + .003 
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We find very nearly the same value for the 
average isostatic anomalies for the five groups 
of elevations. On the other hand, the Bouguer 
anomalies have a very definite relation in size 
and sign to the elevation. This test is strongly 
in favor of the isostatic theory. 


EFFECT OF TOPOGRAPHY ALONE ON VALUES OF 
GRAVITY 


There are 219 gravity stations of the United 
States for which values for the effect of topog- 
raphy of the entire earth are available. The 
effect on the gravity value on Pike’s Peak is 
+0.273 dyne, the maximum positive effect. The 
maximum negative effect is —o.178 dyne on the 
station at Compton, California. Of the 219 sta- 
tions, 63 have topographic effects greater than 
0.150 dyne. Nearly all these large effects are for 
stations near the coasts. For the coast stations, the 
effect of water areas is greater than that of land, 
both on account of the average depth of the 
water being greater than the average elevation 
of the land and on account of the greater area 
of water. For the United States the vertical 
component of the negative attraction of the de- 
ficiency of the water is generally greater than 
the vertical component of the positive attraction 
of the land masses. For stations in the interior 
of the United States the positive effects of topog- 
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taphy are large, although for many of them 
the negative effect of the distant water areas off- 
sets the positive effect of the land of North 
America—the nearby topography. 

The topographic effect for only 35 of the sta- 
tions is less than 0.060 dyne and there are only 
58 with effects less than 0.100 dyne. The average 
topographic effect is 0.119 dyne. 

One should keep in mind the very large topo- 
graphic effects when studying the isostatic anom- 
alies. There are only 15 of the 219 stations under 
consideration for which the isostatic anomaly is 
more than 0.040 dyne, and only one anomaly 
greater than 0.060 dyne. Most of the stations 
have isostatic anomalies less than 0.020 dyne. 
Due to great distance from a station of much of 
the topography of the earth the effect of the 
topography is almost balanced by its compensa- 
tion, but if the compensation did not exist the 
effect of the topography would apply with full 
force. 

Even though no account were taken of the 
combined effect of the topography and compen- 
sation, the values of gravity would be in fair 
accord, except those for high mountain stations. 
Only 14 of the 219 stations considered would 
then have anomalies greater than o.o60 dyne, 
while for 110 of them the anomaly would be 
less than 0.020 dyne. 

If there were no compensation the values of 
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gravity would be greater or less than the ob- 
served values we now have by amounts equal to 
the compensation effects. The new values would 
differ from those now observed by about 0.100 
dyne on an average. 

The very small range in the isostatic anomalies 
and the many values close to zero are strong 
evidence that the topography of the world is 
isostatically compensated. 


RELATIONS OF ISOSTATIC ANOMALIES TO AREAS 
OF EROSION AND SEDIMENTATION 


There seems to be no relation between the size 
and sign of the isostatic gravity anomalies and 
areas of erosion. There may, of course, be areas 
of erosion in which gravity anomalies tend to be 
of one sign, but in such areas the anomalies are 
comparatively small and there is no general rela- 
tion whatever that can be discovered. 

On the other hand, there is a decided relation 
between the areas of recent deposition and the 
gravity anomalies, and in this group of areas is 
included all of the Cenozoic formation. For 
some years it was believed that there was a defi- 
nite relation between the isostatic gravity anom- 
alies and the margins of continents due, in some 
way, to conditions existing along the coast that 
did not obtain in the interior. It was later found 
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that a very simple explanation could be made of 
these coastal anomalies, namely, that they are 
due to the material along the margins of the 
continents which is mostly of recent formation 
with density from 10 to 20 per cent less than 
normal. This light material, nearly all below 
sea-level and immediately below the gravity 
stations, has an attractive force which is less than 
that of material of normal density. This expla- 
nation was advanced by the writer in U. S. Coast 
and Geodetic Survey Special Publication No. 
40 and it has been accepted by other geodesists, 
notably Col. Sir Sidney Burrard, former super- 
intendent of the Trigonometrical Survey of 
India. 

In a publication * by Colonel Burrard, entitled 
“Investigations of Isostasy in Himalayan and 
Neighbouring Regions,” he gave the results of 
certain computations made to show the effect of 
a volume of light material close to a gravity 
station and to show what amount of sedimentary 
material would be required in the vicinity of 
gravity stations on the Indo-Gangetic plain to 
account for the deficient force of gravity at 
nearly all the stations on that plain. As a result 
of his investigations Colonel Burrard concluded 
that the prism under the Indo-Gangetic plain is 
probably in isostatic equilibrium, and that the 


2 Professional Paper No. 17, Trigonometrical Survey of India. 
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abnormally small values of gravity are due 
almost entirely to the presence of the Cenozoic 
material close to the surface. 

We may safely conclude that the rather de- 
cided relation between the areas of deposition 
and the gravity anomalies can be explained by 
the presence of lighter material, and that the 
negative gravity anomalies on the Cenozoic for- 
mation are not indications of departures from 
the isostatic condition. 


ISOSTATIC EQUILIBRIUM OF DELTA AREAS 


The first part of a series of papers by Joseph 
Barrell, entitled “The strength of the earth’s 
crust,” in the Journal of Geology, Vol. XXII, 
1914, deals with geological tests of the limits of 
strength of the outer portion of the earth’s ma- 
terial. In the introduction Barrell states: 


The capacity of the outer crust to resist vertical 
stresses is an important field in the theory of dynamical 
and structural geology. On the one hand, it is known 
that the larger segments, those of continental and 
oceanic proportions, rest to a large degree in isostatic 
equilibrium, the crust of the continental areas being 
lighter than that of the oceanic areas in proportion to 
the regional elevation. On the other hand, the minor 
features, those which enter into the composition of the 
landscape, are known to have been sculptured by ex- 
ternal forces and are to be explained, therefore, as sus- 
tained by reason of the rigidity of the crust. 

Between these two extremes in magnitude of terres- 
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trial relief lie mountain ranges, plateaus, and basins, 
made in part by tangential forces modified by erosion 
and sedimentation. To what extent can these construc- 
tional and destructional forces work in opposition to 
those other forces which by producing vertical move- 
ment make for isostatic equilibrium ? 


Barrell discusses the evidence used by the 
geologists and the isostasists in arriving at their 
conclusions in regard to the strength of the 
earth’s crust and its ability to carry extra loads. 


Fic. 14.—Delta of the Nile. Depths of the water are in meters. 
From Andree’s Allgemeiner Handatlas, Vierte Auflage. 


He lays particular stress on the presence of great 
volumes of sedimentary material at the mouths 
of large rivers as evidence of the strength of the 
earth’s crust. He shows that the best two of the 
existing deltas for making the test of the strength 
of the earth’s crust are those of the Nile and the 
Niger. 

Barrell’s Figure 1 (Fig. 14 in this volume) 
shows clearly that there has been a filling up of 
space at the mouth of the Nile which was once 
occupied by water. Similarly, Barrell’s Figure 
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3 (our Fig. 16) indicates a filling in by deposits 
at the mouth of the Niger. Figures 15 and 17 
copied from Barrell give vertical sections 
through the deltas of the Nile and the Niger, 
respectively. 


250km. 200 109 © Sealevel 


Fic. 15.—Profile of the delta of the Nile. Depths in meters. After 
Barrell. 


Barrell computes from these cross sections and 
the areas shown on the charts the load added to 
the earth’s crust in the form of sediment. In the 
case of the Nile the volume is computed as 
89,000 cubic kilometers (21,300 cubic miles) 
which, after accounting for the weight of the 
water that originally occupied the space, is 
equivalent to 50,000 cubic kilometers (12,000 
cubic miles) of rock on the land. . 

In the case of the Niger delta the volume of 
sediments is 217,000 cubic kilometers (52,000 
cubic miles) which, after allowing for the water 
displaced, is equivalent to 120,000 cubic kilo- 
meters (29,000 cubic miles) of rock on the land. 

After discussing the geology of the coasts of 
Africa and the probability (in his estimation) 
that the deltas under consideration are extra 
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Fic. 16.—Delta of the Niger. Depths in meters, From Andree’s 
Allgemeiner Handatlas, Vierte Auflage. 


loads on the earth’s crust, Barrell concludes his 
Chapter I with the following words: 


These deltas point toward a measure of crustal 
rigidity capable of sustaining to a large degree the down- 
ward strains due to the piling up and overthrusting of 
mountains built by tangential forces or those resulting 
from the load of sediments in areas of deposition or 
those upward strains produced by the erosion of the 
plateaus previously uplifted toward isostatic equilibrium. 
A final conclusion must, however, await a further dis- 
cussion in the later parts. 


400km. 300 200 LE 9S ealevel 
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Fic. 17.—Profile of the delta of the Niger. Depths in meters. After 
Barrell. 
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In the remainder of Barrell’s series of papers 
he deals with many phases of structural and 
dynamic geology and the theory of isostasy, but 
he does not modify the conclusions quoted above 
that the earth’s crust is able to carry without 
yielding the mass represented by a large delta. 
Barrell may have erred in arriving at his con- 
clusion that the earth is able to withstand the 
load of a mountain mass if it is able to hold up 
a river delta, but was he not also wrong in his 
conclusions regarding river deltas? 

The maximum depth of the sediments in the 
delta of the Niger down to the former ocean 
bottom level is about 3,000 meters (approxi- 
mately 10,000 feet). The density of this material 
is probably not more than 2.50. ‘The density of 
the sea water which occupied the space now 
occupied by the sediments was slightly over 1. 
Therefore, we may assume that the weight of 
the water displaced corresponds to 40 per cent 
of the material taking its place, and that the 
other 60 per cent is an extra load. Therefore, 
according to Barrell, there is an overload on the 
earth’s crust amounting to about 6,000 feet of 
deposits. 

We can explain the presence of this 6,000 feet 
of added material on the principle of isostasy if 
Wwe assume that much more material has been de- 
posited at the mouth of the Niger than the 
10,000 feet. We have abundant evidence that 


ISOSTATIC CONDITIONS 87 


tens of thousands of feet of sediments have been 


deposited in some localities, and why might 


there not be more than the 10,000 feet in the 
Niger delta? 

A sinking of the base of the sediments occurs 
in most areas of sedimentation. This certainly 
occurred during the sedimentation of the areas 
occupied by the Appalachian, Himalayan, and 
other mountain systems. The sinking of the base 
is due mostly to the isostatic adjustment of the 
prism which is undergoing sedimentation. 

The average density of the material of the 
upper sub-crustal material may be assumed to 
be approximately 3.15. The sedimentary ma- 
terial deposited by the Niger probably has a 
density of about 2.50. ‘Therefore, the density of 
the sub-crustal material is 0.65, or 25 per cent 
greater than the density of the sediments. Assume 
that as the sediments are deposited isostatic ad- 
justment takes place. The delta of the Niger 
would require a total depth of sediments, below 
the original position of the base, of 23,000 feet 
to bring the surface to the top of the water. This, 
with the 10,000 feet above the base, makes a total 
depth of the deposits of 33,000 feet. This is not 
believed to be an excessive depth. In India in 
the Indo-Gangetic plain the recent sediments are 
believed to be somewhat more than 40,000 feet 
in certain parts of the area. (See page 190 for 
method used in deriving these values.) 
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With regard to the Nile Delta, Barrell figures 
that there is a maximum depth of the deposits 
of approximately 7,000 feet. By the method of 
computation used above for the Niger Delta we 
find that the amount of water displaced by the 
sediments is equivalent to the weight 2,800 feet 
of the sediments. This leaves 4,200 feet of sedi- 
ments as an excess load above the sedimentary 
base on Barrell’s theory that the sediments are 
an overload. 

_/ On the theory that the base of the sediments 
sinks, due to the isostatic adjustment, it would be 
necessary to lower the base of sediments about 
16,000 feet in order to give the 4,200 feet of 
added material in the space once occupied by 
the water. This, with the 7,000 feet above the 
base, makes a total depth of the deposits of 
23,000 feet. This is not large in comparison with 
the depth of sediments in many places of the 
earth. he above reasoning is justified if the ma- 
terials deposited in the form of deltas at the 
mouths of rivers and in the water just beyond 
the exposed deltas are found to be in isostatic 
equilibrium. 

./ We are fortunate in having a number of 
gravity stations on or near the Mississippi River 
Delta. There are eight of these stations. (See 
Fig. 18.) Although the mass of the Mississippi 
River Delta does not show on a hydrographic 
chart as distinctly as do those of the Nile and 
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Niger, yet the river has carried material quite 
far out into the Gulf of Mexico, and the depth 
of the deposits must be considerable. 

If the prism of the isostatic shell under the 
delta was in equilibrium before deposition 
began, then certainly the added material is an 
extra load unless some subsidence of the block 
has taken place. On the assumption that the delta 
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Fic. 18.—Gravity stations and papanialics on Mississippi River 
Delta. See legend under Fig. 21. 

material is an extra load we should find positive 

anomalies at the gravity stations on the delta, 

the sizes of the anomalies being in proportion 
to the depth of the delta material. 

Instead of finding decided positive anomalies 

at the eight stations on or near the delta, we find 
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that only four of the stations have positive 
anomalies of 0.012, 0.014, 0.019 and 0.002 dyne. 
All of these positive anomalies are smaller than 
the average anomaly without regard to sign for 
the 304 gravity stations of the United States. The 
other four delta stations have negative anomalies 
of 0.018, 0.026, 0.030 and 0.032 dyne. Three of 
these anomalies are larger than the average for 
all in the United States. The average of the eight 
anomalies with regard to sign is —o0.007. Surely, 
if the delta is an extra load the pendulum ob- 
servations would not give an average negative 
anomaly at these delta stations. 

It is believed that the positive anomalies on 
the delta at the three stations near the mouth 
of the river may be due to local accumulation 
of material which has not yet been isostatically 
balanced. On the other hand, the presence of 
extra light material close to the station is the 
probable cause of the negative anomalies, and the 
prisms under these negative stations are prob- 
ably in isostatic equilibrium. That the anomalies 
are due to local causes which are located near 
the surface is indicated by the difference in the 
anomalies at stations 279 and 280 which are at 
the mouths of the river. The difference in these 
anomalies is 0.037 dyne and the distance between 
the stations is only about 12 miles. It is certain 
that if the cause of either of the two anomalies 
in question were deep seated in the earth’s crust 
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the effect on the two stations would be almost the 
same. 

It is rather difficult to analyze the gravity 
anomalies on the Mississippi Delta in such a 
way as to give a logical explanation of the size 
and sign of each of them. It is much safer to use 
the whole group of stations as a single unit in 
drawing conclusions. Since the average anomaly 
of the whole group is —o.007 dyne, we are evi- 
dently justified in concluding that the prism of 
the isostatic shell directly under the Delta of the 
Mississippi is very nearly in isostatic equilib- 
rium and that the delta material has been com- 
pensated for by a movement of material from 
the base of the prism. 

It is unfortunate that there are no gravity sta- 
tions on such deltas as the Nile and the Niger to 
test the degree of isostatic equilibrium which 
exists in the earth’s crust under them. This 
matter is of such great interest it is hoped gravity 
stations will be established on these deltas in the 
not distant future. 


ISOSTASY IN GLACIAL AREAS 


A recent book covering researches by Fridtjof 


Nansen ® leads to the conclusion that the earth’s | 


crust yields to the loading and unloading by ice. 


3“The Strandflat and Isostasy,” I Kommission Hos Jacob Dybwad, 
Kristiania, 1922. 
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His views are summarized in the following ex- 
cerpts from his book: 


The fact, proved by the strandflat and by the raised 
shore lines, that*the coast of Norway has been depressed 
during the last glacial period and has again in post 
glacial time risen to a level slightly higher than the level 
it had before the subsidence, while the upheaval of the 
land is not yet completed in the central and Baltic re- 
gions of the depressed area, which after the retreat of 
the ice was covered by a thick layer of ee to me 
to form convincing evidence of the correctness of the 
theory that“it was the load of the ice which caused the 
depression of the crust and the unloading which caused 
its upheaval.) I do not think that serious objections can 
be any longér raised against this theory. 

It seems to me that the more one studies the whole 
process of the late-glacial and postglacial subsidence and 
upheaval of Fenno-Scandia, and the related crustal 
movements in the surrounding regions, in all their de- 
tails, the more one must be convinced that these move- 
ments are isostatic. One will find that the theory of 
isostasy gives a simple and natural explanation of almost 
all phenomena and even of many details which may seem 
startling at the first glance. 

It has also been maintained that great disturbances 
over extensive areas are necessary to start the crustal 
movements for adjustment of isostasy,°and such move- 
ments will occur, as a rule, only during periods of 
special mobility of the earth’s crust and within certain 
specially mobile regions. As far as I can judge, the 
late-glacial and postglacial vertical movements of Fenno- 
Scandia and surrounding regions, and especially the 
movements of the Norwegian coast and the present 
position of its strandflat, conclusively disprove the cor- 
rectness of views such as these. They indicate that the 
earth’s crust in the course of time approaches its level 
of perfect isostatic equilibrium much more closely than 


ISOSTATIC CONDITIONS 93 


even the most extreme advocates (like Hayford) of per- 
fect isostasy have considered to be possible. 

We may, therefore, infer that the earth’s crust is on 
the whole very responsive to disturbances of its equilib- 
rium and has a great ability to reestablish it. After a 
sufficient time it will attain its level of isostasy at least 
within some few meters. 

-it is a general tendency of the lithosphere to readjust 
its isostasy after disturbances and in the course of time 
to approach its average level of isostatic equilibrium 
within some few meters at least. The isostatic move- 
ments of the lithosphere are not limited to especially 
mobile regions nor to periods of special crustal mobility. 


While Nansen drew his conclusions from 
physiographic evidence, his deductions and con- 
clusions are in general accord with those arrived 
at by the geodesist who has used geodetic data. 


CHAPTER V 


SOME GEODETIC AND GEOPHYSICAL 
DEDUCTIONS FROM THE PROOF 
OF ISOSTASY 


DEPTH OF ISOSTATIC COMPENSATION 


THE theory of isostasy postulates a depth within 
which the compensation takes place. If a state 
of isostatic equilibrium exists, then there must 
be a limit to the outer materials of the earth 
which are in a state of stress due to the unequal 
elevations of the earth’s surface. 

Henry S. Washington has made a distinction 
between the “depth of compensation” as derived 
from geodetic data and the depth at which loads 
on equal areas are the same. The latter he calls 
the “isopiestic depth.” ‘The two depths are not 
necessarily the same unless we should define the 
“depth of compensation” as that one to which 
the deepest compensation extends. 

It is probable that the compensation in some 
prisms of the earth’s crust extends to a greater 
depth than in others. It is impossible to deter- 
mine the depth of compensation for each topo- 
graphic feature of limited extent, as the deflec- 
tions of the vertical and the gravity anomalies 

94 
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are undoubtedly due, in part, to other causes 
than the depth to which the compensation ex- 
tends. Some of these other causes are!’ The way 
in which the compensation is distributed hori- 
zontally with respect to the feature ‘Fhe way the 
compensation is distributed. vertically, whether 
uniformly or irregularly* the deviations from 
normal densities of the Aaterials within a few 
miles of the surface; thé degree to which the 
region mayydeviate from the perfect isostatic 
state; deviations of the densities of the material 
of the topographic feature from that used in the, | 
reductions; and, lastly, though negligible, the” 
errors of the geodetic data. It may be readily 
seen that this array of causes of uncertainty 
makes the depth of compensation derived for a 
small area of doubtful value. 

The depth of compensation resulting from in- 
vestigations by the U. S. Coast and Geodetic_ 
Survey is based upon a consideration of the de-_ 
flection stations and the gravity stations over ex- 
tensive areas. An average value has thus been — 
derived for each class of geodetic data. 

In his second report on the figure of the earth 
and isostasy* Hayford used all deflection sta- 
tions available at the time in the United States. 
His value of the depth of compensation was 


122.2 kilometers. 


1 Supplementary investigation in 1909 of the figure of the earth 
and isostasy, 1910. 
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The writer derived two values for the depth 
of compensation by using, first, all the gravity 
stations in the United States, and, second, only 
those in mountainous regions. The first depth is 
60_] kilometers and the second 95 kilometers. 
Hayford also obtained a depth of 97 kilometers 
from deflection stations in mountainous regions, 
but he did not consider this value as reliable as 
the larger one of 122.2 kilometers. . 

As the depth of compensation derived from 
mountain gravity stations was 95 kilometers and 
Hayford’s corresponding depth was 97 kilo- 
meters, the writer has adopted the mean of 96 
kilometers as the most probable depth.” 

Why, it may be asked, should a value for the 
depth of compensation derived from a small 
amount of data be considered more reliable than 
from a much greater amount? A careful con- 
sideration of the conditions mentioned above 
will show why the value derived from stations 
in regions of considerable elevation is more re- 
liable. 

Aside from the local causes of defection and 
gravity anomalies enumerated above there are 
the following causes having a general or regional 
effect: (1) Errors in the assumed figure of the 
earth for deflection anomalies and in the shape 
of the earth for the gravity anomalies; (2) error 


2See U. S. Coast and Geodetic Survey Special Publication No. 
40, P. 133. 
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in the value of gravity at the equator as used in 
the computations; and (3) regional deviations 
from the condition of perfect equilibrium. 

The effect of each of the first two general or 
regional causes of deflection and gravity anoma- 


Fic. 19.—Gravity stations and anomalies near Seattle, Washing- 
ton. See legend under Fig. 21. 


lies can be eliminated. The effect of the third 
general cause and that of each of the numerous 
local causes are present in the remaining anoma- 
lies which are used in deriving the depth of 
compensation. 
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Let us consider some of the large gravity 
anomalies. At Seattle (see Fig. 19) the anomaly 
is 0.093 dyne, while the elevation of the sta- 
tion is only 190 feet. At a gravity station just 20 
miles west of Seattle the anomaly is —0.025 
dyne. At a station about 25 miles northwest of 
Seattle the anomaly is +0.002 dyne. The great 
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Fic, 20.—Gravity stations and anomalies near Damon Mound, 
Texas. See legend under illustrations No. 2x. 


difference in these anomalies is certainly due to 
local causes close to the surface and not to an 
erroneous distribution of the compensation. 
There is practically no topography to be com- 
pensated. 

There are two gravity stations on or near 
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Damon Mound, Tex. (Nos. 311 and 313), which 

-are only 7 miles apart, and their anomalies differ 
by 0.045 dyne. (See Fig. 20.) The elevation of 
these stations is less than 70 feet, and they are 
on a coastal plain. It is certain that here the cause 
of the large difference in the anomalies is local 
and near the surface. 
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Fic. 21.—Gravity stations, with anomalies in dynes, near Compton, 

California. The numbers correspond to those used for the various 

stations in special publications dealing with gravity measurements 
by the U. S, Coast and Geodetic Survey, 


The anomaly at Compton, Calif., 1s —o.o50 
dyne, while at Long Beach, only 8 miles distant, 
the anomaly is —o0.022 dyne. (See Fig. 21.) The 
difference is 0.028 dyne. Here, again, the cause 
of the anomalies is local and high in the crust, 
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for the elevations of the stations are less than 70 
feet, and no distribution of the compensation of 
so small an amount of topography close to the 
stations could affect the anomalies materially. 
Many other cases could be cited, and we must 
consider the evidence given under the heading 
“The relation of gravity anomalies to local struc- 
ture” pages 164 to 172. It is shown there that the 
abnormally light material of the Cenozoic for- 
mations is the cause of at least a part of the 
anomalies at gravity stations on that formation, 
for the elevations of those stations are all small. 
It is impossible to greatly reduce the anomalies 
at the Cenozoic stations by using a different 
depth of compensation. 

Now, let us consider the gravity stations at 
high elevations. Here there is a great amount of 
topography with a corresponding amount of 
compensation. Even though a part of an anomaly 
may be due to the local causes near the surface, 
a change in the depth of compensation will have 
a decided effect on the size and sign of the anom- 
aly. For instance, the anomalies at Pikes Peak 
for no compensation, and for depths of 42.6, 
85.3, 127.9, and 184.6 kilometers are, respec- 
tively, —o.204, +0.057, +0.032, -+-0.019, and 
-+0.006 dyne. For the Seattle station the anomaly 
for no compensation is —o.111 dyne, while it is 
—0.093 dyne for 113 kilometers. The Pikes Peak 


DEDUCTIONS IOI 


anomaly varies as the depth of compensation is 
changed, while there is practically no change in 
the anomaly at Seattle. 

It is readily seen from the above discussion 
that a depth of compensation obtained from 
gravity data at low stations only would be inde- 


33 703. 19¢ 
- +0503 
7 
| 
| 
| 
ve 
ales 
184 
Be Slike 
/ W 
) 
Tes 
@+059 | A 
! 
= 
x 
oS 
196 
©.-036 ‘ 
4. + 


Fic. 22.—Gravity stations and anomalies in portions of Wisconsin 

and Minnesota. There are great changes in the anomalies for short 

distances, indicating that the causes of the anomalies are local and 

near the surface. Station No. 74 is at Minneapolis. See legend 
under illustration No. 21. 


terminate, while a depth derived from a combi- 
nation of low and high stations will be much in 
error. To obtain any depth of a high degree of 
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probability from the gravity data, we must use 
only gravity stations in high regions with irregu- 
lar surfaces. 

Even gravity stations on an extensive high 
plateau are not suitable for this purpose, for 
a change in the depth of compensation does not 
materially change the anomaly. This is due to 
the fact that a given mass of very great hori- 
zontal extent and of uniform density and thick- 
ness will exert the same attractive force on a 
particle (the gravity pendulum for instance), 
regardless of the distance of the particle from 
the surface of the material, provided this dis- 
tance is much less than the horizontal dimensions 
of the mass. This same principle holds should 
the same mass be expanded to occupy a greater 
volume. (See Fig. 12.) The problem of obtain- 
ing a depth of compensation from only plateau 
stations is thus indeterminate. The more exten- 
sive the plateau and the more uniform its eleva- 
tion the more indeterminate the problem. Take, 
for instance, the anomaly at station Wallace, 
Kans., No. 41 of the table on page 103, of 
Special Publication No. 40. The anomaly does 
not change when the depth of compensation is 
changed from 42.6 to 184.6 kilometers. 

It is reasonable to assume that the depth of 
compensation which enables us to obtain the 
smallest gravity and deflection of the vertical 
anomalies in mountainous regions is the most 
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probable one. The depth of 96 kilometers, which 
_is the mean of the depths derived from deflection 
and gravity data at mountain stations in the 
United States, accomplishes this and is the one 
believed to be the best now available. 

What does the “depth of compensation” 
mean’ On the theory that the compensation is 
complete, is distributed uniformly with respect 
to depth, and is distributed within a limited dis- 
tance horizontally from the topographic features 
or directly under them, the derived depth of 
compensation is the average distance below sea 
level to which the compensation of the whole 
region considered extends. This depth may not 
be correct for any other extensive region, though 
it seems reasonable to infer that it is. 

As the “depth of compensation” derived from 
geodetic data is the average depth to which the 
isostatic compensation extends, it must be true 
that the isopiestic depth, or the one at which 
pressures are equal, is somewhat greater. The 
difference in these depths is not known, but it 
probably is not great. 


tA At ne, 


of compensation, the value of 113. 7 eee 
was used in computing the anomalies used in the 
isostatic reports of the U. S. Coast and Geodetic 
Survey.-The 113.7 kilometer depth anomalies 
are used in this book unless a statement to the 
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contrary is made. The anomalies by the two 
depths differ very little and hence may be used 
together without introducing any appreciable 
error. 


SIZE OF TOPOGRAPHIC FEATURE WHICH MAy 
NoT BE COMPENSATED 

We may not have local compensation of a 
topographic feature, for the compensation may 
be distributed in the isostatic shell off to the sides 
of the feature. This is probably the case, for it 
does not seem to be reasonable to have the com- 
pensation of a feature with a small base, say ten 
miles square, confined to a prism of the crust of 
such small cross-section. But we must consider 
whether a feature escapes compensation alto- 
gether, either directly under it or distributed 
within a reasonable distance around it. A test 
was made by the writer which furnishes infor- 
mation on the subject. 

Forty-two gravity stations in the United 
States, each having an elevation greater than 
1000 meters (approximately 3300 feet) were 
selected for the tests. The results are shown in 
the table on the opposite page. 

If the compensation of the topography of the 
world is considered complete there is a maxi- 
mum gravity anomaly of 0.054 dyne at these sta- 
tions. There are only five stations with anomalies 
above 0.040 dyne, and there are 23 anomalies 
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_ Effect on gravity anomalies of ignoring compen- 
sation of topography close to stations 


Anomalies with 
isostatic comp. 
: omitted to 
Number and name of station sie eee 

I7.9 36.5 

miles miles 

Meters Dyne Dyne Dyne 
AP AMMalLACE mCATION site nti <6 st oe 1,005 —0.012 —0.039 —0.060 
42. Colorado Springs, Colo...... 1,841 — .007 — .06r — .101 
43.) Pikes Peal, 'Colos. 202. kes 4,293 + .021 — «049 | — .092 
AA Den vers COlOueimy ote na: 1,638 — .016 — .054 | — .092 
As eGtiniisOn)4\COlOn sees ee 2 340 + .020 — .043 | — .100 
46. Grand Junction, Colo.-..... 1,398 + .024 — .017 | — .058 
47. Green River, Utah. ,........ 1,243 — .021 — .054 | — .058 
48. Pleasant Valley Junction, Utah 2,191 + .004 = .056-) — 2699 
Aor Salt. Lake City, Utah... -..... 322 + .o10 — .030 — .065 
50. Grand Canyon, Wyo........ 2 386 — ,002 — .063 | — .110 
51. Norris Geyser Basin, Wyo... 2,276 + .021 — .038 | — .083 
52. Lower Geyser Basin, Wyo... 2,200 — .oor — .059 = .104 
55. Mount Hamilton, Calif...... 1,282 — .003 — .017 | — .020 
(ke ysc ceili! De Vera yaad No ae ee Rn I eae 1,146 + .007 — .023 | — .047 
645 Nogales; Ariz, sages ca oo Gace I,181 — .050 — .079 | — .096 
G7 Goldfields Nev: 22. 5..5..062 I,716 — .013 — .056 | — .087 
GSne VAVapAl, wATIZ cahs al ene ei orale 2,179 + .ooL — .044 | — .079 
TOs Galliap, Nie Mex sn cect cs I,990 — .013 — .066 | — .108 
Wie was Vegas, Ni Mex..... s2.05 1,960 = £003 =— .,0o50 | — .Ogr 
GiB LCA yr On alc as peraeiei sie cus is Tavis 1,590 + .052 + .o14 | — .o12 
Siok DISSOM Califa wee ae ates 1,048 — .o10 | — .043 | — .068 
62. Rock Springs, Wyo.....-... I,910 + .013 — .039 | — .080 
OS Pry Al pine: ei ex Veen oe 2 se aac 1,359 + .021 — .013 | — .040 
OO Rar ell i excrms stent testis -t ae I.259 — .o16 — .046 | — .o71 
1025 Cloudland, Tenn..5.....5. 2... 1,890 + .004 — .021 | — .035 
TOO; wHeridam, WivO.- bos.e ree I,I50 + .032 .000 | — .036 
T10. Boulder; None... 24 conn... 1,493 — .015 — .061 | — .092 
TEVA TICKee.s Calitics urees ee aie arses 1,805 — .028 — .079 | — .113 
rrs. Winnemucca, Nev......<... I,325 — .009 — .O41 — .O07E 
POM Ve Ne Wierpeieiels on ee oelaie er 1,962 — .021 — .076 | — .1I5 
Ti, Giternsey;,, WYO. sevice 22 oc cs 1,322 + .036 + .005 — ,026 
TOGA LANG ettyoNVV.Oe stakes custo eins 1,635 + .019 — .028 | — .o71I 
198. Edgemont, 'S. Dak.2........ 1,066 + .054 + .026}] + .002 
202. Mioorecrott, WiVOs..a.ss. 020 1,295 + .021 — .,010 | — .037 
DOOmmAU I Cat yg Oa Kane nancies ae I,518 + .042 + .002 | — .025 
270. Newcastle, Wy0. a2... + ese 1,328 + .029 — .006 | — .035 
27 i. Bridgeport, INebIs 2 +1. cmees I,II4 — .008 — .037 | — .o61 
ga. Biuitords WiyO. acess css s+: 2,396 + .046 — .oIr | — .054 
sve Bowldet, Colommivcaurs sori cock 1,630 — .0I4 1062 || = ~106 
27a. \eatayette; Colo.... .2acesc« + 1,595 — .020 — .060 } — .Ior 
Hse, Jowateadonver, OolOn Be AaAne Aes 1Gyispien — .006 — .044 | — .079 
270. idaho Springs, Colo......... 2,303 + .022 — .046 | — .098 
Mean withregardtosign...]......... +0.005 —0.037 —0.072 
Mean without regard tosign.]......... 0.019 0.040 0.072 


=106 ISOSTASY 


less than 0.020 dyne. The average anomaly with- 
out regard to sign is 0.019 dyne, while the mean 
anomaly with regard to sign is +-0.005 dyne. 
Of the 42 anomalies, 20 are negative and 22 
positive. 

If we assume that the topography of the world 
is compensated except that within a distance of 
17.9 miles of the station, the anomalies will be 
as shown in the fourth column of the table. The 
maximum has increased from 0.054 to 0.079 
dyne. ‘There are 23 anomalies greater than 0.040 
dyne and only ro anomalies are less than 0.020 
dyne. The average value of the anomalies with- 
out regard to sign has increased from 0.019 to 
0.040 dyne, and the mean value with regard to 
sign has increased from -++-0.005 to —0.037 dyne. 

The effect of ignoring the compensation of the 
topography within 36.5 miles of each of the 42 
stations is indicated by the anomalies shown in 
the last column of the above table. The maxi- 
mum anomaly has been increased to 0.115 dyne, 
33 anomalies are greater than 0.040 dyne, and all 
anomalies except one have the negative sign. 
Only two anomalies are less than 0.020 dyne: 
The mean anomaly without regard to sign is 
0.072 dyne, which is nearly four times as great 
as the mean anomaly without regard to sign for 
the isostatic anomalies. The mean anomaly with 
regard to sign is —o.072 dyne. 
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If gravity anomaly maps were constructed 
with the above anomalies similar to illustration 
No. 11 in special publication No. 40 of the U. S. 
C.& G.S., we should find that the high elevations 
of the country would correspond in location very 
nearly to the greatest depressions of the anomaly 
maps. The sign and size of these gravity anoma- 
lies show a definite and decided relation to the 
character of the topography. 

It is probable that if a test were made, it would 
be shown that we could not ignore even smaller 
discs of topography around gravity stations. If 
discs of 10 miles radius and 1000 meters in thick- 
ness were considered not to be compensated there 
would probably be gravity anomalies larger than 
the isostatic anomalies, and they would bear 
some relation in size to the elevation of the 
gravity stations. 

We seem to be entirely justified in concluding 
from the evidence furnished by the tests at the 
42 gravity stations under discussion, that a topo- 
graphic feature equivalent to a disc 36.5 miles in 
radius, and rooo meters in thickness is compen- 
sated, and that a disc of the same thickness but 
only 17.9 miles radius is compensated to a large 
degree. This conclusion is of the greatest impor- 
tance in the consideration of the strength of the 
earth’s crust in connection with its ability to sup- 
port mountain masses and deltas. If such small 
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masses as we have considered are in equilibrium 
we are forced to believe masses vastly larger are 
in a like condition. 

The extent to which topography is compen- 
sated regionally and the magnitude of the topo- 
graphic feature which does not escape compensa- 
tion are matters of geological and geophysical 
importance, and it is hoped that further tests in 
new areas may throw additional light on them, 
The knowledge gained will be of value in the 
search for basic principles involved in the proc- 
esses which cause changes in elevation and geo- 
graphic position of surface material. 


EFFECT OF ISOSTASY ON GEOID SURFACE 


The effect of a mountain mass in tilting the 
geoid or water surface is greatly lessened by 
the isostatic equilibrium of the earth’s crust. 
As prisms of the earth’s crust of equal cross 
section have very nearly the same mass, the 
density of the material of a prism under a 
mountain mass will be less than normal. The 
deficiency of matter under a mountain area 
tends to nullify the effect of the mountain mass 
on the tilt of the geoid surface. Close by, the 
mountain’s effect greatly predominates, but at 
a distance of about 140 miles the effect of 
the compensation will almost offset that of the 
mountain. At this distance the effect of the 
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mountain is reduced go per cent. This is a very 
important point, and it makes necessary a re- 
vision of some old estimates of the extent to 
which continents, with their high land, tilt up 
the geoid surface. 

It has been held that the geoid must be much 
below the spheroid out in the oceans, but this 
probably is not true. At a short distance from 
the coast the effect of the land masses will be 
offset by the isostatic compensation, and only the 
irregular configuration of the ocean bottom will 
vary the relative positions of the geoid and 
spheroid surfaces. 

The effect of the continental shelf may be 
large, but, as in the case of land masses above 
sea level, it will be offset by the deficiency of 
density in the material of the prism under the 
shelf, as compared with the density of the ma- 
terial of the crust under the deeper water. 

From a consideration of the evidence, we may 
conclude that the deviation of the geoid from 
the spheroid is probably not more than 100 
meters over a great ocean “deep,” and that the 
area affected by such a deviation is quite limited 
in extent. Over land areas the deviation may be 
as much as 100 meters under some of the great 
mountain systems. It will be seen that, as com- 
pared with the smooth mathematical surface of 
the spheroid (the mean surface), the geoid has 
bumps and hollows of moderate sizes. If there 


- 


ees WIG, ISOSTASY 


were no isostatic equilibrium in the earth’s crust, 
the bumps and hollows on the geoid might be 
from 30 to 40 times greater. Considering the in- 
significant size of the deviations of the geoid 
from the spheroid we can readily understand 
that such deviations are not factors in dynamic 
and structural geology. 


EFFECT OF REDUCTION FOR ISOSTATIC COMPEN- 
SATION ON DERIVED SIZE OF SPHEROID 


The computed spheroid, which approximates 
the mean sea-level surface of the earth, depends 
on the astronomic and geodetic observations at 
what are called deflection stations. The plumb 
line is always at right angles to the geoid sur- 
face, and therefore a deflection of the vertical is 
a measure of the rate at which the geoid surface 
departs from the mean surface or spheroid. 

Let us start at the Atlantic coast in the United 
States at approximately 39° latitude and work 
westward. If we assume that the spheroid and 
geoid coincide at this coast, then, under the 
Appalachian mountains, the geoid will be above 
the spheroid. This is due to the fact that the 
Appalachian mass attracts the plumb line and 
causes the geoid surface to incline upward 
towards the mountain. Beyond the Appalachian 
system the geoid will tend to approach the 
spheroid surface because the topographic attrac- 
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tion is greater to the eastward than to the west- 
ward. The two surfaces will probably come 
nearest to each other under the plains of the 
Mississippi River. West of that river the re- 
sultant topographic attraction is toward the 
westward and the geoid will necessarily be 
gradually raised above the spheroid. This rais- 
ing of the geoid will increase until the Rocky 
Mountains are reached, where it will be a maxi- 
mum. Then there will be a lessening of the dis- 
tance between the surfaces just to the westward 
of the Rockies, and through the western part 
of the country this distance will increase and de- 
crease as the mountain masses are approached 
and passed. It is probable that the geoid surface 
at the Pacific coast will still be somewhat above 
the spheroid. | 

If corrections are applied to the astronomic 
observations for the effect of topography and 
isostatic compensation, the corrected direction 
of the vertical will be very nearly normal to 
the mean surface of the earth. In consequence 
of this method of computation the humps or 
ridges of the geoid would be smoothed out, and 
the computed spheroidal surface would be a 
mean of this smoothed-out geoid, rather than of 
the actual one. The final outcome of this process 
would be to make the smoothed-out geoid sur- 
face for the United States a few meters, prob- 
ably not over 10 or 20, closer to the center of the 
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earth than the average distance of the actual 
geoid surface. We are considering land areas 
only, for it is only on these that we have geodetic 
data from which to compute the dimensions of 
the spheroid. 

The only way to derive from triangulation 
and astronomic observations the mathematical 
surface or spheroid for the whole geoid would 
be to have connected triangulation over all the 
earth. This is not possible, because the great land 
areas are separated by large bodies of water 
across which geodetic measurements can not be 
made. It is very probable that the process of 
eliminating the local deviations of the geoid 
caused by the attraction of the topography and 
compensation for the area of the United States 
has enabled us to obtain a spheroid which repre- 
sents the mean surface of the earth very much 
closer than if we attempted to compute the mean 
spheroid from the actual uncorrected geoidal 
surface. 

It is worthy of note that the Hayford 
spheroids, derived from United States data only, 
have dimensions which are greater than the most 
reliable of the previously derived spheroids. In 
the derivation of the other spheroids isostatic 
compensation was not considered, but it was by 
Hayford. If in an area used in deriving a 
spheroid the central portions have much higher 
elevations than the margins, and if the effect of 
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topography and isostatic compensation is not 
- considered, the dimensions of the spheroid will 
be less than when the area has its greater eleva- 
tions near the margins. 

It is believed that, if the isostatic method were 
applied in the computation of the spheroid in 
each of a number of large separated areas, the 
derived spheroids would have a very close agree- 
ment. It seems equally certain that they would 
differ considerably if derived by the older 
methods. 


ISOSTASY UNDER OCEAN DEEPS 


Since great vertical movements seem to be due 
to changes in density in the prisms of the crust 
under the affected areas, it may be concluded 
that ocean deeps which occur close to lines of 
islands and along some continental shores have 
come into being from contraction of the ma- 
terial of the isostatic shell under them. It seems 
hardly possible that such deeps as exist near the 
Japanese and Philippine Islands have been per- 
manent features of the ocean bottom. They are 
very active regions, for in or near them occur 
some of the greatest earthquakes. An earthquake 


is an indication of lack of of gravitational equi- 
librium _or_activity on t yn the 4 part of the the processes 


which change the density of the crustal ma ie 


If the deeps are not permanent features they 
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are due to vertically acting forces. It is incon- 
ceivable that they were caused by horizontal 
forces; first, because no earth prism can move 
vertically downward as a result of pressure 
against its vertical faces; second, because if there 
were contraction of the earth’s shell there would 
be no sinking of a prism into the nucleus of the 
earth to the extent of the depression of the sur- 
face of the prism under an ocean deep; and, 
third, because all land areas of the earth within 
which isostatic investigations have been made, 
are in approximate isostatic equilibrium, and it 
is reasonable to suppose that areas at least as 
large in horizontal extent as ocean deeps are 
‘now in isostatic equilibrium and were also in 
this condition before subsidence occurred. 

Fortunately, a method has been devised by 
Dr. Vening Meinesz of the Dutch Geodetic 
Commission, with which to determine the inten- 
sity of gravity at sea. The observations are made 
on a submarine which is submerged during the 
observations. Dr. Meinesz has already made 
gravity observations in the Mediterranean Sea, 
across the Indian Ocean, and along the coast 
of Europe. A summary of his results is given on 
page so. 

The gravity values over the ocean when com- 
pared with values computed by the isostatic 
method give anomalies which are comparable in 
size with those obtained for land stations. The 
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anomalies also have both positive and negative 
signs, thus indicating that the crust under the 
sea as a whole is neither extra light nor heavy. 

In addition to the gravity values obtained from 
observations made on submarines, there are many 
stations on islands in the oceans which throw 
some light on the isostatic condition of the sur- 
rounding crust. The isostatic anomalies at those 
stations have a strong positive tendency. 

The surface materials for continental areas 
are nearly all of sedimentary origin, and while 
the sources_of the sedimentary material were 
originally igneous rack, yet the average density 
of the sedimentary is somewhat less than that of 
igneous rocks. The greater portion of the ma- 
terials exposed as islands and which form the 
pedestals or platforms on which they stand, are 
believed to be igneous. 

In the isostatic reductions a density of 2.67 is 
used for land masses down to sea-level. This 
value is also assumed for those portions of the 
crust under ocean areas which extend above the 
deepest part of the ocean. Some density must be 
used in computing the effect of the deficiency of 
density of the ocean water, and in the absence of 
any better value, that for the average rock 
density for continental areas is adopted. 

It seems probable that if the actual densities 
of the materials of islands and their platforms 
were known and used, the crust under island 
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gravity stations would be found to be in equi- 
librium. 

Dr. Meinesz made a voyage during 1926 ona 
submarine from Holland to Java by way of the 
Panama Canal. He determined values of gravity 
over and near some of the ocean deeps. Unfortu- 
nately, the isostatic anomalies for those stations 
are not yet available. 

The assumption is logical that isostasy exists 
under the sea to an extent at least equal to that 
under land areas.!The land masses and the conti- 
nental shelves are subject to rapid erosion and 
deposition, respectively, which disturb the isos- 
tatic balance much more than the very slow 
erosion and deposition which may be occurring 
under the oceans would disturb the crust below 
them. If the crust under land areas is yielding to 
the stress differences caused by erosion and de- 
position why should not the crust under the 
oceans yield to stress differences accumulating 
In ite | 

If the crust under oceans is in equilibrium, if 
this condition obtains for that portion of the 
crust under an ocean deep, and if the deep has 
been formed within geologic time, then the con- 
clusion should be drawn that the deep is due to 
a contraction of the column of the isostatic shell 
under it. What could have caused this column 
to contract? 

The geologic record shows that areas which 
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were once occupied by mountain systems are now 
at or below sea level, showing that a once ele- 
vated area is now an area of depression. This 
depression must have been caused by a contrac- 
tion of the crust under the area. Are we not justi- 
fied in assuming that when a land area has been 
greatly depressed it was once an elevated area 
and consequently an area of erosion? 

It is shown in another part of this book that 
the depression of an area subject to long con- 
tinued erosion may be due to the fact that the 
material carried into the base of the prism in 
the process of the isostatic adjustment will force 
upward the materials of the prism. They will 
occupy spaces which are colder than those they 
formerly occupied. As the geoisotherms re- 
sume their normal depths during or after the 
cessation of erosion, the material of the prism 
will have a lower temperature. This change in 
temperature should tend to initiate physical or 
chemical processes which would result in an in- 
crease in the density of the affected material. 
This would be in addition to the normal thermal 
contraction. 

Are we justified in reasoning by analogy that 
an ocean deep was once an elevated region which 
previous to its depression had been subjected to a 
long period of erosion, during which large 
amounts of matter entered the lower portion of 
the isostatic prism under the area to maintain the 


—— 
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isostatic balance? If this were the case we should 
expect a subsequent cooling and contracting of 
the material of the prism as the geoisotherms 
receded to their former positions. 

If we have a condition of isostatic equilibrium 
in oceanic islands then it is probable that a con- 
dition of equilibrium existed in the prisms under 
them before their uplift began. Is it possible that 
the islands occupy an area which was once an 
area of deposition or sedimentation, the mate- 
rial coming from nearby elevated region now 
occupied by ocean deeps? 

Suppose, for instance, that the ocean deep off 
the Japanese Islands had once been an area of 
elevation and erosion, and that much of the 
eroded matter had been placed to the westward. 
After erosion had ceased we should expect the 
prisms under the sediments to expand and cause 
an increase in elevation of the surface thus creat- 
ing the present islands. It may be held that they 
are largely volcanic, but does this materially in- 
terfere with the ideas outlined ?/Effusive and in- 
trusive action must be phases of the processes 
working to uplift any region. ;An outflow of 
magma from rifts or faults and the creation of 
volcanic mountains are not in any way in conflict 
with the theory that an area is elevated by the 
expansion of the material of the crust under the 
area undergoing uplift. 

It is probably true that no great change in 
the elevation of a portion of a continent occurs 
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except where great erosion or sedimentation has 
’ taken place. It would seem to be the case that no 
great change in elevation of the bottom of the 
oceans takes place except under similar con- 
ditions. We, therefore, should suspect that ocean 
areas far removed from land are more stable, 
and tend to undergo smaller fluctuations in ele- 
vation than those areas near land which are 
subjected to rapid sedimentation. 

In considering the depression of a section of 
the ocean bottom, we must remember that the 
water over the area must be taken into considera- 
tion. Should the area be depressed by contrac- 
tion below sea level, the water of the ocean 
which may then rest on the prism would push 
down the prism an amount sufficient to balance 
the mass of water above. 

If the surface of the prism were depressed 
30,000 feet below sea-level, and the surface were 
at sea-level when the subsidence began, we 
should expect a contraction of the material of 
the prism equivalent to 20,000 feet, and a sinking 
of the whole prism of 10,000 feet to balance the 
weight of the 30,000 feet of water. 

Very little has been written on the subject of 
the relation of coral islands to isostasy. The sub- 
ject is really a complicated one, for most islands 
on which there is coral growth now have vol- 
canic activity, or show there has been such 
activity in not distant geologic time. 

Coral rock is an added load to the prism of 
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the crust beneath, and if the mass accumulated 
is great the prism should be depressed to restore 
balance. It is shown in another part of this book 
that a disk of material, of surface density, 3000 
feet in thickness and about 30 miles in diameter 
does not entirely escape isostatic compensation. 
A like mass, such as coral rock, added to a prism 
should force the prism down. The equilibrium 
would be restored by the movement of sub- 
crustal material. Is it not probable that atolls are 
the result of the sinking of the prism below 
under the weight of the accumulated coral rock? 
The sinking of the prism would eventually sub- 
merge the central island mass if that were true. 

It would seem to be probable that a prism of 
the crust greatly overloaded by coral rock would 
be subjected to temperature changes similar to 
those which must occur under area undergoing 
sedimentation. Is it possible that subsequent ex- 
pansion of the prism subjected to the overload 
of coral expands and elevates the surface, thus 
exposing coral beds? Is it also possible, that this 
expansion, if it occurs, is the cause of volcanic 
activity on many oceanic islands?P 

Coral islands should present a fruitful field 
for geophysical research now that isostasy has 
been established. There exists a vast amount of 
geological data regarding them which have been 
collected and discussed by E. C. Andrews, H. 
A. Brouwer, Rollin Chamberlin, R. A. Daly, 
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Chaties Darwin, W., M. Davis, G. A. F. 
Mohleneraaft, T. W. Vaughan, and many others. 
The research could be made more effective by 
the determination of values of gravity on coral 


islands which could be done without great 
difficulty. 


THEORETICAL GRAVITY 


Gravity Formulas of 1912 and 1917 


In the gravity investigations of which Special 
Publication No. 12 of the U. S. Coast and Geo- 
detic Survey is a report, a new gravity formula 
was derived which appeared to agree more 
closely with the conditions in the United States 
than did the Helmert formula of 1901. The new 
formula is.(see p, 25, Sp: Pub: No. 12): 
vo = 978.038 (1 -+0.005304 sin? ¢— 0.000007 sin? 2¢) 

As the second term of this formula agreed so 
closely with that of the Helmert formula, the 
Helmert value was adopted, thus making what 
is referred to as my 1912 formula, which is as 
follows: tp ae ee ~ 
yo = 978.038 (1-+0.005302-sin? ¢— 0.000007 sin? 2¢) 

The “isostatic anomalies” are derived from 
the use of this formula. It is the basis of the isos- 
tatic anomalies in Special Publications Nos. 12, 


4o and gg. 


In the gravity investigations covered by 
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Special Publication No. 40, a gravity formula 
was derived from 348 stations of the United 
States and other countries. It is— 


0 = 978.039 (1+0.005294 sin? ¢—0.000007 sin? 2¢) 


This, my 1917 formula, is very nearly the 
same as the 1912 one. Some of the gravity anom- 
alies for stations not in the United States con- 
sidered in this book are based on the former, but 
the anomalies by the two differ very little and 
the conclusions drawn from them are essentially 
the same as if all the anomalies had been derived 
from the same formula. 

The reciprocal of the flattening of the earth 
from the 1917 formula is 297.4, while the value 
from the derived rg12 formula (not the adopted 
one) is 298.0. The values for the Helmert 1901 
and 1915 formulas are respectively 298.2 and 
296.7. The value obtained by Hayford in his 
second investigation of the deflection of the ver- 
tical and isostasy is 297.0. 


HELMERT FORMULA OF 1915 


In 1915 Helmert derived the following 
formula: * 


yo = 978.052 [1 +.0.005285 sin? ¢ — 0.000007 sin? 2¢ 
+ 0.000018 cos?¢ cos 2(A+17°)] 


8 Sitzungsberichte der Kéniglich Preussischen Akademie der 
Wissenschaften, No. 41 (1915), p. 676, entitled “Neue Formeln fiir 
den Verlauf der Schwerkraft im Meeresniveau beim Festlande.” 
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in which ¢, as usual, is the geographic latitude 
and is the longitude from Greenwich, east 
longitude being positive. The formula corre- 
sponds to a spheroid with three unequal axes, 
the shorter equatorial axis being in longitude 
73° east from Greenwich and the longer, which 
exceeds the shorter by 230 meters, in longitude 
17° west of Greenwich. The reciprocal of the 
mean polar flattening is 296.7++0.4. The mean 
value of gravity over the sphere is 979.771 dynes. 
The formula is based upon 410 stations in all 
parts of the world selected for being neither too 
near to the coast nor to mountainous regions and 
upon certain coast stations which were given 
reduced weight. 

The coefficient of sin’ 2¢ is based on the theo- 
retical calculations of Darwin and Wiechert.* 
It corresponds to a spheroid of revolution in 
hydrostatic equilibrium. This spheroid is not an 
exact ellipsoid of revolution, but in latitude 45° 
is depressed about 3 meters below a concentric 
ellipsoid of revolution having its equatorial and 
polar axes coincident in length and direction 
with those of the spheroid. 

The coast stations were used in determining 
all other constants except the first one, which 

4G. H. Darwin. “The theory of the figure of the earth carried 
to the second order of small quantities.” Month. Not. Roy. Astr. Soc. 
60 (1900), p. 82. Also “Scientific Papers,” Vol. III, p. 78. 

E. Wiechert. “Ueber die Massenvertheilung im Innern der Erde.” 


Nachr. v. d. Kén. Ges. d. Wiss. zu Gottingen. Math.-phys. KI. 1897, 
221. 
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from coast stations alone had the special value 
of 978.068 dynes. The precise number of coast 
stations is not given. The formula, when the first 
coefficient is used as 978.052, represents gravity 
reduced by the free-air method for stations in the 
interior and not in mountainous regions. 

This formula of Helmert is somewhat differ- 
ent from the U. S. Coast and Geodetic Survey 
formulas of 1912 and of 1917, both in the value 
of gravity at the equator, namely, 978.052, and 
in the value of the second term 0.005285. As 
Helmert did not apply the theory of isostasy in 
deriving his formula, it will not be used in this 
publication. 

There are 134 stations in the United States, 
not on the coast and not in mountainous regions, 
treated in Special Publication No. 40. (See pp. 
64: and’ 65 of that paper.) The mean free-air 
anomaly with regard to sign for those stations 1s 
--o.012 dyne. It is noteworthy that this 1s within 
0.002 of being the difference between the first 
terms of Helmert’s formula of 1915 and of the 
1912 formula of the Coast and Geodetic Survey. 

Helmert derived his longitude terms from sta- 
tions which were not reduced for the effect of 
topography and compensation, nor was any ac- 
count taken of the decided effect of recent sedi- 
mentary matter on the value of gravity. The 
writer believes that the effect of all local in- 
fluences should be eliminated from the gravity 
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data before using them for the determination of 
the shape of the earth. If each coast station were 
affected by the same amount, then we would be 
justified in using uncorrected values of gravity 
for the derivation of the longitude terms, but an 
inspection of coast stations clearly indicates local 
disturbances. Island stations differ from main 
coast stations. 


PROPOSED FORM OF GRAVITY FORMULA 


The complete gravity formula really should 
be of the form 


yo = y (1+Ci sin? ¢— C2 sin? 2¢)+H+T+C.+D, 


where yo is the value sought, y the gravity at sea 
level at the equator, C. and Cz» are constants, ¢ 
the latitude of the station, H the correction for 
elevation of the station above sea level, T the 
correction for topography, C; the correction for 
isostatic compensation, and D the correction for 
abnormal densities in the material close to the 
station. The last correction can not be derived 
with any great certainty, because the volume and 
shape of the extra light or heavy matter can not 
be accurately determined. The correction #7 is 
negative for all stations above sea level, while 
the corrections JT, C,, and D may be positive or 
negative. 

A careful consideration of the literature on 
the subject of gravity reductions will convince 
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one that the gravity anomalies based upon a 
gravity formula which considers the sea-level 
surface as an ellipsoid of revolution are func- 
tions of the reduction for topography and com- 
pensation and to a certain extent of the geologi- 
cal formation on which the station is located. In 
brief, a gravity anomaly is caused, to a large ex- 
tent, by something local, and probably not by 
the earth’s figure having three unequal axes in- 
stead of two. 


CHAPTER VI 


SOME PHASES OF ISOSTATIC 
ADJUSTMENT 


RE-ESTABLISHMENT OF THE ISOSTATIC BALANCE 


ERODED material is usually transported long dis- 
tances to the place or places where it is de- 
posited. In the case of a river like the Mis- 
sissippi, the distance from the source to its mouth 
is about 2500 miles. The material eroded by 
water which flows into the Mississippi is dis- 
tributed along the water courses. The coarser 
material rests at the bases of the slopes from 
which eroded. The finest material is carried to 
the mouth of the river, some being deposited to 
build up the delta and the remainder going out 
into the Gulf of Mexico. 

Ordinarily we use a very simple case to illus- 
trate the process of isostatic adjustment. We 
speak of the area of erosion and the area of 
deposition as if they were sharply defined, 
with no erosion or deposition occurring in 
the region between them. It is of course 
necessary in outlining a principle to use simple 
illustrations, but in carrying the researches on to 
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greater details we must consider all the modifi- 
cations of the simple illustration. (See Fig. 23.) 

In the simple case we also assume that there 
is a movement of sub-crustal matter from the 
area of deposition toward the area of erosion 
without any large disturbance of that portion of 
the isostatic shell which intervenes. In the fol- 


Direction of movement of eroded material 


re eo 


Lu on 


Probable direction of movement of material to ~ 
maintain equal weights of earth blocks. 


Fic. 23.—The disturbance of the gravitational balance of the 
earth’s crust, by erosion and sedimentation, seems to be the most 
important factor in the processes which change the configuration 
of the earth’s surf .ce. Material is moved over the surface from 
high ground to water areas and to valleys by streams and rivers. 
‘The prisms of the earth’s crust sink under the sediments and 
they rise up where erosion has lightened them. There is a sub- 
crustal movement of material which restores the equal weights 
of the blocks or prisms of the crust. 


lowing discussion we shall try to throw some 
light on the forces and movements tending to 
re-establish the isostatic balance, throughout the 
region in which they are acting. 

Let us assume that there is a definite region of 
limited extent which is being eroded, and that 
there is another region on which the eroded ma- 
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terial is deposited, and also that there is neither 
erosion nor deposition in the intervening area. 
Also assume that the areas of erosion and depo- 
sition are equal in extent. As erosion progresses, 
the prism under the erosion area becomes out of 
balance with the prisms surrounding it and there 
will be a tendency for a local adjustment to take 
place, restoring the equilibrium. This process 
should result at first in a lowering of the areas 
surrounding the erosion area. 

Following this re-adjustment there would be 
a tendency for the prisms of the zone still farther 
away from the erosion area to re-establish equi- 
librium with the zone immediately surrounding 
the eroding area. This process would be con- 
tinued until the stress differences between zones 
would become smaller than the resistance to 
yielding. 

In the area within which deposition is occur- 
ring the prism below will be out of balance with 
the prisms surrounding it, and there will be a 
tendency for those prisms to come into balance 
with the prism under the area of deposition. 
There will be a tendency for the surfaces of the 
surrounding prisms to become elevated above 
their original positions. After such a local iso- 
static adjustment takes place, then there would 
be a lack of equilibrium between the prisms sur- 
rounding the area of deposition and prisms in a 
still more distant zone. Each zone would come 
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into balance with its neighboring zone until the 
stress differences due to lack of balance would 
be less than the power of resistance of the ma- 
terial affected/ 

It seems reasonable to assume that there is 
some local readjustment of equilibrium between 
the prism under an area of erosion and the sur- 
rounding portions of the isostatic shell, and a 
similar adjustment between a prism under an 
area of deposition and the surrounding region 
before isostatic equilibrium is perfected between 
the areas of erosion and deposition. When the 
area of deposition has come into equilibrium 
with the area of erosion, we should expect the 
regions surrounding these two areas, which had 
been temporarily disturbed, to regain very 
nearly their former status, with restoration of 
the original elevations of their surfaces. May 
not the tendency to perfect the local balance 
around an area of rapid erosion and deposition 
account for some of the minor oscillations of the 
elevation of the earth’s surface? 

We have discussed a very simple case of 
limited area of erosion and also a limited area 
on which the eroded material is deposited. No 
such simple case occurs in nature, for the erosion 
of a drainage area and the deposition of the ma- 
terial is a very complicated process. The extent 
and rate of erosion will vary with the steepness 
of the slopes, amount of rainfall, amount of run- 
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off, and the character of the material. The depo- 
sition will also vary with the slopes and the 
carrying capacity of the streams and rivers. 
Some of the material of the drainage basin will 
be carried into the oceans in solution and de- 
posited at great distances from land. We can 
see from this that it is impossible to visualize, 
except in a most general way, the stress differ- 
ences set up by erosion and deposition, and the 
movements taking place to restore the isostatic 
balance. 

The conditions are even more complicated 
than those considered in the preceding para- 
graph, for a mountain system may form a part 
of several drainage areas or basins, each with its 
erosion and deposition, and within each a system 
of forces tending to restore equilibrium. It is this 
complicated condition which has led many to 
hold that the isostatic condition can obtain in 
only a very general or regional way. This view 
seemed logical and justifiable prior to the iso- 
static investigations, based on a vast number of 
geodetic observations, which have been made 
during the past twenty years. 

The re-establishment of the isostatic balance 
has been discussed in a number of papers. Of 
especial interest are: “The Strandflat and 
Isostasy,” by Nansen; “Oscillations of the Level 
in the Belts peripheral to the Pleistocene ice- 
caps,” by Daly; and “Tsostasy,” by Lawson. 


o 
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ZONE OF HORIZONTAL MOVEMENT 


One of the most important phases of isostasy 
from a geological standpoint is the question of 
the depth at which the isostatic flow or adjust- 
ment takes place. Barrell, in the “Strength of the 
Earth’s Crust,’ Part VI (Journal of Geolcgy, 
October-November, 1914, p. 681) argues in 
favor of a zone of weakness below the crust, 
which he calls the asthenosphere, in which the 
isostatic movement horizontally takes place. 
Willis agrees with Barrell that the isostatic 
movement horizontally takes place below the 
crust."The writer feels that Barrell’s and 
Willis’s views that the movement is below the 
crust are reasonable and justifiable. 

If the earth’s crust were weak enough to per- 
mit isostatic adjustment to take place com- 
paratively near the surface then the material 
would probably be so weak that masses of dif- 
ferent densities would tend to flatten out and 
to adjust themselves in strata, each having a uni- 
form density. The heavy material under the 
oceans would move under the continents and the 
light material of the continents would move out 
over the ocean floor. The heavy material under 
a broad plain would move under the adjacent 
mountain area and the material under the moun- 


1 Bailey Willis, “Discoidal Structure of the Lithosphere.” Bulletin 
of the Geological Society of America, June 30, 1920, p. 251. 
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tains would overflow the denser material of the 
plains. This, as we have found from the studies 
of the deflections of the vertical and the gravity 
observations, has not taken place. We have 
denser material under the plains and lighter ma- 
terial under the mountains, and this condition 
tends to remain so. We must conclude that in the 
prism down to the lower limit of compensation 
the material is of sufficient viscosity to resist the 
stresses tending to cause the transference of ma- 
terial horizontally due to different densities. 

‘ “There is no doubt that isostatic adjustment 
takes place, and therefore there must be a zone 
within which horizontal movement occurs. 
Since, for the reasons stated above, this move- 
ment could not take place within the crust, it is 
logical to conclude that the movement is in-what 
Barrell terms the asthenosphere or zone of weak- 
ness. ‘Barrell showed a diagram which would 
indicate that he believed the thickness of the 
asthenosphere to be several times the thickness 
of the crust. Caen ine zone of weakness 
may be of considerable thickness and may extend 
to the earth’s center, but it is more reasonable 
to believe that the isostatic adjustment takes 
place within a short distance of the crust. 

In order to visualize the problem, let us sup- 
pose that we have/a mountain mass of a certain 
horizontal cross section and an adjacent plateau 
of the same area 3,000 feet lower than the 
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average elevation of the mountain. It can be 
readily shown that if the two prisms below these 
areas are in isostatic equilibrium, then at any 
depth below sea level but above the depth of 
compensation the pressure on an imaginary hort- 
zontal surface will be greater for the mountain 
prism than for the plateau one. At a depth of 
5,000 feet below the surface of the plateau prism 
the pressure would be that of 5,000 feet of ma- 
terial, but on the same surface under the moun- 
tain the pressure would be that of 8,000 feet of 
material. The stress difference at the depth in 
question would tend to cause a movement from 
the mountain prism toward the plateau prism,j 
[mee cio 24.) 

If we assume that the depth of compensation 
is 60 miles below the surface of the plateau 
prism, then at a depth of 30 miles, half way from 
the surface to the depth of compensation, we 
should expect the deficiency of density due to the 
isostatic compensation of the mountain prism to 
counterbalance 1,500 feet of the 3,000 feet at the 
top of that prism, and the weight on this surface 
at a depth of 30 miles would be greater for the 
mountain prism than for the plateau prism due 
to the remaining 1,500 feet of material. The 
stress difference would still be acting from the 
mountain toward the plateau prism. At a depth 
of 45 miles below the surface the stress differ- 
ence would be the equivalent of the weight of 
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750 feet of material and would still be from the 
mountain toward the plateau prism. It can be 
seen from the above that if the isostatic compen- 
sation is uniformly distributed there will not 
be a zero stress difference between the mountain 
and the plateau prisms until the depth of com- 


Fic. 24.—Since the earth’s crust is in isostatic equilibrium 

for contiguous blocks of the earth’s crust having different 

surface elevations, the stress differences are from the 

higher to the lower block. The stress difference is zero 

at the lower ends of the blocks which correspond to the 
lower limit of the earth’s crust. 


pensation is reached, approximately 60 miles 
below sea level. 

Suppose some material is eroded from the 
mountain area and deposited on the plateau 
prism. The stress difference at the depth of com- 
pensation will then act in a direction from the 
plateau toward the mountain. There will be a 
surface somewhere above the depth of compen- 
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sation at which the pressure of the lightened 
mountain prism will exactly balance that of the 
plateau prism which has been increased by the 
weight of the eroded matter. If 100 feet of ma- 
terial, on an average, is eroded from the moun- 
tain prism and placed on the plateau prism, we 
should expect the surface at which the two will 
exert equal weight to be 56 miles below the sur- 
face or 4 miles above the depth of compensation. 
Below this surface the stress difference will be 
from the plateau toward the mountain, and if 
this stress difference is great enough to over- 
come the resistance of the material a movement 
will take place from the plateau toward the 
mountain tending to bring the two prisms into 
equilibrium again at the depth of compensation. 
etece: Vigas. ) 

It is probable that this movement actually 
takes place below the depth of compensation be- 
cause of the fact that the material below the 
depth limiting the compensation must differ 
from the material above in rigidity or viscosity. 
The fact that we have a depth of compensation 
implies a plastic material below it, and there is 
no reason why this material should not move 
rather than the material above, which is rigid 
enough to maintain its position in spite of dif- 
ferent densities in adjacent prisms. 

If the depth of compensation is above the 
depth of equal pressure the problem outlined 
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above and its solution should be slightly modi- 
fied, but the general principles and conclusions 
would be unaltered. 

Figs. Nos. 24 and 25 show the relative stress 
and their directions between two prisms of the 
crust both before and after erosion. 


Fic. 25.—Should some material be rapidly eroded from 
the high block and the material be deposited on the 
lower one there would result a disturbance of the isostatic 
equilibrium. Prior to the readjustment the surface at 
which there would be zero stress differences between 
blocks would be somewhat above the lower limit of the 
crust. The stress differences above the point of zero 
stress would be from the higher block towards the lower 
one. Below the point of equal pressure the stress differ- 
ence would be from the low block toward the high one. 
After the isostatic readjustment had occurred, the stress 
difference would be zero at the lower limit of the crust 
as it was before transfer of load at the surface. 


MOVEMENTS OF SUBCRUSTAL MATERIAL UNDER 
AREAS OF EROSION AND SEDIMENTATION 


If erosion and sedimentation are the primary 
causes of the great changes in the elevation of 


138 ISOSTASY 


the earth’s surface, then it would seem to be 
probable that there are a number of shifts, up 
and down, of the margin of a continent, or of 
the contiguous ocean.\ The earth’s crust sinks 
down under sedimentation, and a mass of ma- 
terial equivalent to the sediments is pushed aside 
from the subcrustal space just below the crust 
under the sediments, or it is possible that the 
material just under the crust goes down, and 
pushes aside the material surrounding it. In any 
event there is less subcrustal material under the 
sedimentary area than there was before the sedi- 
ments were laid down. The subcrustal space has 
been occupied by the lower portion of the crust. 

It is probable that there is no such thing as 
a flow of subcrustal material from below an 
area of sedimentation to space below an area of 
erosion. There is merely a pushing aside, and 
probably the mass of subcrustal material in- 
volved is rather large. I like to think of the 
movement of subcrustal material, to balance the 
effect of erosion and sedimentation, as similar to 
that of water into which is placed a block of 
wood or ice. There would be a pushing aside of 
the water to make way for the block, and the 
whole body of water would be affected. The 
lateral movement of any particular particle of 
water, however, would be quite small. (See 


Fig. 26.) 
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A prism of the crust may be subjected to 
erosion and sedimentation several times. During 
erosion there will be an influx of subcrustal ma- 
terial to crustal space to balance the material 
removed at the surface, and when the prism is 
subjected to sedimentation, crustal matter will 
enter subcrustal space; then in subsequent geo- 
logic periods these processes will be repeated. 


Fic. 26.—Piles of inch-boards, floating in the water, illustrate move- 
ments of crustal material due to erosion and sedimentation. Assume 
the density of the boards to be 0.9. Should a board be taken from 
the top of pile 1 and added to the top of pile 2, all the remain- 
ing boards of pile 1 would move upward o.g inch. The surface 
of pile x would be o.z inch lower than formerly. Each of the 
boards in pile 2 would sink down o.9 inch, as a resuit of the 
added load, and the new surface of pipe 2 would be o.x inch higher 
than formerly. With continued shifting of boards from pile 1 to 
pile 2, the surface of pile 1 would be gradually lowered and that 
of pile 2 gradually increased. Prisms of the earth’s crust react 
similarly to erosion and sedimentation, 


Does it not seem that we may have the same 
material that was once pushed aside under the 
effects of sedimentation brought back to its 
former position under the influence of erosion? 
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Possibly there is not much migration of the sub- 
crustal material as a result of the forces that are 
acting to cause the changes in the earth’s cued 
The question may be asked—what changes 
take place in the crustal material that is pushed 
down to subcrustal space under the weight of 
sediments? The answer, of course, to that ques- 
tion must be that we do not know, nor is there 
any way to obtain information in regard to it, 
but it would seem that this crustal material 
would be altered. There must be a difference be- 
tween crustal and subcrustal material, otherwise 
we could not have a lower limit to isostatic com- 
pensation. It is the inherent difference between 
crustal and subcrustal materials that makes com- 
pensation possible. Crustal material pushed 
down a few miles into subcrustal space, should 
under the new pressure and heat conditions ac- 
quire the physical characteristics of the sub- 
crustal material. There is probably no sharp 
dividing line in the chemical composition of 
the two materials. The difference in physical 
characteristics is probably due to the differences 
in heat and pressure. 
t—~there is also the question as to what happens 
‘to the subcrustal material that enters crustal 
space under an area of erosion. It is probable 
that the subcrustal material will eventually take 
on the same characteristics as the material above 
it. This would practically mean undergoing a 
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change from plastic to somewhat rigid matter. 
It is difficult to imagine a sudden change be- 
tween crustal and subcrustal material. Probably 
there is a gradual change from rigidity to plas- 
ticity. This may take place in a very few miles, 
or a score of miles. All that we know is that the 
geodetic data indicate that the average depth to 
which compensation extends is about 60 miles. 


= 


ISOSTATIC ADJUSTMENT BY DISTORTION OF 
SPHEROID 


Matter from land areas is carried to sea by 
rivers and streams, and subcrustal matter must 
go back from the sea toward the continent to re- 
store equilibrium; but the flow of material will 
not be for a great distance. There is no move- 
ment corresponding to that of a river or stream. 
The translation of subcrustal matter will depend 
on the depth of the yielding matter involved. 
But in any event, matter lighter than normal is 
added to ocean areas and heavy subcrustal matter 
is pushed toward the erosion area. 

If deposition is in deep water, then a greater 
mass of material must be laid down than is 
pushed aside from the base of the prism of the 
crust, for the water is displaced by the sedi- 
ments and it has a density of about unity. There- 
fore, if the sediments have a density of 2.5, only 
about 60% of the sediments laid down in deep 
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water is effective as an added load. This raises 
a new and very important point. How can the 
isostatic balance be maintained if only 60% as 
much mass as the added sediments leaves the 
lower end of a prism of the crust (or what is 
equivalent thereto, displaces the subcrustal ma- 
terial) ? The answer must be world-wide move- 
ment or distortion. As a result of the sedimenta- 
tion in deep water the ocean basins will be made 
smaller by about 46% of the volume of the 
sediments. The amount of water remaining con- 
stant, it must have its surface raised above its 
former position. This will result in an increased 
load on all parts of the ocean bottom. 

The total land area of the earth will be too 
light by an amount equal to the weight of water 
displaced by the sediments. The only way in 
which the land areas can be compensated for 
this is for there to be a downward movement 
under the whole ocean area sufficient to restore 
the isostatic equilibrium of the crust under land 
and water areas. . 

Where the crust of the earth is contracting 
below the sediments at such a rate that the upper 
surface of the sediments does not increase in ele- 
vation, the above phenomenon would not occur. 
There would be no displacement of the water by 
the sediments, and consequently no increase of 
load over ocean areas outside the sedimented 
area. 


PHASES OF ADJUSTMENT 143 


Much of the sedimentation of past geologic 
periods has taken place in shallow water, which 
has remained shallow during the whole of a 
period. But there must be many areas where 
there are no downwarpings independent of that 
caused by the weight of the sediments. It is these 
areas that throw out of isostatic equilibrium the 
ocean and continental areas. It would appear 
that the only rational process of restoring this 
equilibrium would be a distortion of the whole 
sphere, lowering the ocean beds, and raising the 
continents. But how much would this amount 
to? Let us take a concrete example, an extreme 
or even an impossible one. Suppose the amount 
of sediments, of 2.50 density, laid down in deep 
water along an ocean margin, to be 3 miles in 
thickness on an average, 200 miles in width, and 
1500 miles in length. Assume 3.15 as the sub- 
crustal density. The volume of the sediments 
would be go00,000 cubic miles. The sediments 
would displace only 360,000 cubic miles of 
water, for the crust would sink about 2.1 miles 
under the added weight. As the water surface of 
the earth is 140,000,000 square miles in area, it 
is seen that the average depth of the water would 
be increased 0.0026 mile, or about 14 feet. That 
amount of water is equivalent in mass to about 5 
feet of rock of a density of 2.7, which is the 
amount to which land areas would be put out of 
balance by the deposition of 900,000 cubic miles 
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of sediments in deep water under the conditions 
assumed. 

If the land and water areas of the earth were 
equal, a lowering of the ocean bottoms and a 
raising of the land areas one half the 5 feet, or 
2.6 feet, would exactly restore the balance. But 
the land area is only 30% of the earth’s surface; 
therefore, a sinking of the ocean beds 30% of 
5 feet, or 1.5 feet, would restore the balance of 
the crust under the oceans and continents which 
had been disturbed. 

The above illustration gives an idea of the 
amount the earth’s crust would have to be dis- 
torted to restore the isostatic equilibrium. The 
amount is so small that it is possible that the 
rigidity of the earth may be able to withstand 
the stresses set up by the shifted load. But on the 
other hand, the observations for earth tides and 
for the variation of latitude indicate an elastic 
yielding of the earth under the tidal forces of 
the sun and moon, and under the accumulated 
load of snow on land areas during northern win- 
ters. The increased weight of water on the ocean 
bed would undoubtedly result in an elastic de- 
formation of the earth which might be trans- 
formed to a plastic one with the lapse of time. 
In spite of any distortion of the sphere to restore 
the isostatic equilibrium of the earth’s crust after 
disturbance due to the deposition of sediments 
in deep water, the amount of change in the sur- 
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face of the earth at any one place would be so 
small that it could not have any effect on any of 
the major dynamic and structural. phenomena 
involved in the formation of mountains and 
plateaus, or in the down-warping of an area once 
occupied by elevated land. 


CHAPTER: Vat 


THE INFLUENCE OF ISOSTASY ON 
GEOLOGICAL DEDUCTIONS 


ISOSTASY was treated in ten papers presented at 
a symposion on that subject at the annual meet- 
ing of the Geological Society of America in 
December, 1921; the papers appeared in the 
Bulletin of that society dated June 30, 1922. 

In the paper by H. O. Wood, entitled “Some 
Considerations Touching on Isostasy,” page 306, 
is this statement: 


A figure of speech may here serve a useful purpose. 
In the chronicle of the earth geodesists have read off— 
may we say glibly ?—a single sentence or phrase recently 
written and undefaced, while geologists must decipher 
innumerable fragmentary letters, words and phrases, 
found here and there in the tattered pages of a book 
of encyclopedic dimensions scarcely a line of which has 
escaped mutilation. By far the greater part of this book 
has been destroyed during the writing of it, and of 
what remains only a small portion has been deciphered 
and interpreted, some of it erroneously, without doubt. 
Nevertheless, since no one geologist can personally 
examine more than a very small fraction of the frag- 
mentary remains he must accept, for the rest, the read- 
ings of his colleagues. Small wonder that there is a 
diversity of interpretation and opinion; that even a sin- 
gle worker may happen upon phrases which seem to 
stand in conflict, Notwithstanding all this, there has 
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come to be a consensus of opinion in many matters that 
have seemed clear and consistent which would appear to 
become uncertain and of doubtful consistency if they 
must be brought into strict accord with the meaning ex- 
pressed in the single undefaced phrase pointed to by 
geodesists. The geologist is thus in something of a 
dilemma. Must he review and reconstruct his whole 
philosophy of earth dynamics, or, to shift the figure, is 
it possible that the geodesist, in pursuing a straight and 
level short cut to his destination, has missed a good part 
of the scenery? Granted the geodetic facts, must these 
be accepted and interpreted narrowly, or are there 
alternative ways to utilize them? About all this whole 
books must yet be written. It is not easy to select a few 
clear vital principles to illumine a brief discussion; but 
it is sure, nevertheless, that geologists must endeavor 
to reconcile, so far as possible, the interpretation of their 
multitudinous and somewhat vague observations with 
that of the few but precise data of geodesy. 


The above statement presents the problem of 
the earth in a clear-cut way. In fact it would be 
extremely difficult to improve upon it. The 
geodesist is confronted with the field evidence 
collected by the geologist, and the latter must not 
do violence to the principle of isostasy, which 
requires an exceedingly weak crust. 

Another quotation from Wood’s paper, page 
309, will help to set the earth problem before 
the investigator even more strongly: 

A second point—a very obvious one—that the present 
writer would lay stress upon is that every earth prism, 
down to the incipient yielding, is contained and con- 


strained by those which surround it, except at the sur- 
face, probably more effectively than any like control in 
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laboratory experimentation. Though we know it well, 
we must not forget, even momentarily, that the earth 
is a globe, and this outermost fairly rigid layer of it a 
continuous spherical shell. Therefore, it is hardly legiti- 
mate, especially in thinking of the isostatic problem, 
where the whole earth is involved, to consider elements 
of the shell as plane slabs with free boundaries, or with 
hypothetical abutments of absolutely rigid matter which 
may be supposed to apply stresses from without upon 
the edges of the slab. Nor should these elements be 
thought of as flat domes unsupported beneath, with 
free boundaries, or hypothetical abutments like those 
specified for the slab. For example, there is no doubt 
that such domes, if unsupported below or at the sides, 
would slump down under their own weight, even when 
of small area; and either domes or slabs might, if stand- 
ing alone, break or shear, and thus fail to sustain or 
transmit horizontal stress imposed from without. But it 
seems not to be a necessary consequence that elements 
of a continuous spherical shell of the earth, resting upon 
and confining the potentially yielding matter beneath, 
and everywhere affected equally by the centrally di- 
rected gravity field of the earth, must slump or crush 
or otherwise fail to sustain and transmit horizontal— 
that is tangential—stress, until this has become so great 
as to bring about failure localized in the weakest ele- 
ments. When there is deformation of one or more 
elements, this must, of necessity, involve some change 
of configuration, molecular if not molar, elsewhere in 
the outermost shell, with compensatory readjustments 
in the subjacent layer capable of ready yielding; for there 
are no void spaces worth mentioning in the potentially 
yielding region, and any other means of accommodation 
of augmented downward pressure in one region means 
either uplift elsewhere, or further increase in the hydro- 
static pressure tending to compact the subjacent ma- 
terial (unless there is storage of energy with endo- 
thermic reactions). If a mountain mass or a continent 
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sinks because it is too heavy to float at the level it has 
attained, something else must rise or there must be 
changes of conditions in the depths. 

So, if the earth’s radius undergoes shortening through- 
out a given interval, whatever the cause of this, .. . 
the peripheral shell must decrease in area. This requires 
either uniform thickening, or regional distortion and 
wrinkling, or both thickening and distortion together in 
some combination. Of these possibilities wrinkling is 
positively observed, though it is not positively proved 
to be due to this cause. To produce wrinkling under 
these circumstances tangential stresses must in some way 
bring about translation of material towards the wrink- 
ling areas, which will be, at any particular epoch, the 
weak prisms of the outermost shell. 


Any hypothesis advanced to explain the ma- 
jor surface changes must not violate the funda- 
mental physical or mechanical principles out- 
lined in the above quotation from Wood. He 
concludes his paper with the statement: 


It appears possible to bring conceptions of the ex- 
treme isostasist and the most conservative students of 
earth dynamics into much closer harmony without doing 
violence to the fundamental views of either group. 
Nevertheless, it is clear that certain of the dynamical 
concepts appealed to in geology are in need of fresh 
and critical scrutiny in the light of physics and the 
properties of materials. 


The paper by Harry Fielding Reid, entitled 
“Tsostasy and Earth Movements,” presented at 
the Symposium on Isostasy, presents data which 
will be useful to the student of the earth. He says 
that isostasy could not be proved by geologic ob- 
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servations, but only by geodetic data in the form 
of deflections of the vertical and values of 
gravity. He states (page 318) : 


But the principle of isostasy is of great value. It bears 
some analogy to the principle of conservation of energy 
in the physical sciences. It does not always tell us what 
earth movements will take place, but it tells us that 
these movements must be of such a character that the 
amount of matter underlying a given area of the earth’s 
surface is never materially increased or decreased; and 
if there be a transfer of matter at the surface by erosion 
and deposition, by folding of the strata, or by any other 
means, then there must be a corresponding subterranean 
transfer in the opposite direction. 


After discussing the adjustment to restore 
equilibrium disturbed by erosion and sedimen- 
tation, he says: 


If the earth does yield in this way, it follows that the 
earth has always been in isostatic equilibrium. Some 
geologists will not admit this; they contend that we are 
now in a period of mountain building and of great dis- 
turbance, which permit the adjustment, but that this 
was not true in former geologic times. So far as I know, 
the objection is based on the contradiction to two 
hypotheses and not on the opposition to facts. The 
hypotheses are: (1) That mountains have been raised 
by the compression of the strata, and thus extra matter 
has been squeezed into them, and (2) That the earth 
is too rigid to yield to forces developed by the transfer 
of surface material. 


Reid gives instances of vertical uplift without 
crumpling. He holds that the Appalachians, 
which were strongly folded and faulted at the 
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end of the Carboniferous, were reduced to a 
peneplain in the Cretaceous, and then were 
raised in the Tertiary into a broad low arch. 
Their present topography he holds is due to 
carving by erosion. 

Reid believes that the Andes were elevated 
after the strata had been folded. He concludes 
that the folding and some faulting of the 
Himalayan rocks occurred before their uplift. 
Reid’s views on the relation of isostasy to 
peneplanation is of interest: 

It has been argued that during a state of peneplana- 
tion there has been no movement of the area which was 
being gradually worn down by erosion, and therefore 
if it were in isostatic equilibrium before the erosion, it 
could not be afterwards. But this is begging the ques- 
tion. According to the principle of isostasy, there must 
be, during the erosion, an influx of matter below (with 
an unknown lag), to keep up the equilibrium. This 
would cause a slow elevation of the region, but at a 
rate less than the lowering by erosion, because the in- 
flowing matter would have a greater density than the 
surface matter removed. The lag could not be very 
great, for regions now undergoing active erosion do not 
show a material defect or excess of gravity. I know 
nothing that renders this point of view unsound. 


The conclusion of Reid’s paper presents a 
difficulty, hard to surmount, to the student of 
the earth who would ignore isostasy and deny 
the formation of mountains by crustal expan- 
sion. It reads: 


If we reject the principle of isostasy and its corollary, 
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that mountains are raised by the expansion of the under- 
lying mass, we must believe that they are raised by 
material being forced in under them from below; for 
it has been shown that many ranges are not raised by 
simple compression. This brings with it certain implica- 
tions. It grants the possibility of subterranean flow and 
weakens one of the objections to isostasy. As the moun- 
tains of the present are in isostatic equilibrium with the 
rest of the world, the region where they now are must, 
before the influx, have been in defect by an amount at 
least equal to the mass of the mountains now above 
their former level; and this defect must have existed 
in a region where not only had thousands of feet of 
sediments been accumulated, but into which still more 
matter had been forced by the earlier folding. No such 
defect exists anywhere in the world at present. The 
plain of the Ganges, which resembles closely the Appa- 
lachian trough shortly before the folding, shows no 
defect of gravity that is not due to the local low density 
of its deposits. Is it reasonable to believe that a region 
where matter has been massed to such an extraordinary 
amount should be the very region to be so extraordinarily 
in defect? And that, at the time of the elevation, exactly 
the right amount of matter to produce isostatic equi- 
librium should be forced into it? And, moreover, that 
there was a near-by region with just the right excess 
of matter, which it gave up to the mountain area by 
subterranean flow, remaining itself in equilibrium. 

If we refuse to apply the principle of isostasy to the 
past, we reject the principle, so fruitful in the history 
of geology, that we must interpret the past in the light 
of the present. This principle does not require us to 
assume that conditions were always as they are now, but 
it does require us to apply to the past the processes and 
principles now in force, and only to modify them in the 
face of definite evidence. And what definite evidence is 


there opposed to the general principle of isostasy? I 
know of none. 
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One of the papers presented at the Symposium 
on Isostasy was by Sir Sidney Burrard, for a 
number of years the Superintendent of the 
Trigonometrical Survey of India. The title of the 
paper is “Folding of Mountain Ranges—The 
Argument from Isostasy.” By his researches 
Burrard has done much to place isostasy on a 
firm footing. His paper indicates that he holds 
to the idea that mountain systems are caused by 
vertical movements. He says in part: 


If this granite range (of the Himalayas) had been 
standing alone, its vertical origin would never have been 
questioned, but the sedimentary rocks on its southern 
flank have been folded and elevated. On the other hand 
if these folds had been standing alone, and had been 
unaccompanied by the granitic outbursts, geologists 
would have felt little doubt that the mountains had 
been raised by horizontal compression of the crust. The 
granite outbursts and the horizontal folds are in juxta- 
position. The problem now presented to us is: Has the 
vertical uplift of the granite been incidental to the 
horizontal compression, or has the folding been inci- 
dental to the vertical rise of the granite? 

Bowie holds that the folding has been incidental to 
the vertical uplift. A strong argument in support of 
this contention is that the folded sediments are inferior 
in height and mass to the granite intrusions with which 
they are in contact. 

If we examine the geological section drawn across 
the Himalayas, the granite appears to be the main fac- 
tor; in large scale sections of subsidiary features much 
folding has been shown, but these folds are superficial 
and local; their span varies from a furlong up to a mile 
or two, while the base of the Great Himalayan Range 
is 40 to 50 miles wide; by no stretch of imagination can 
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the Great Himalayan Range be described as a fold of 
the earth’s crust. 

Moreover, even among the sedimentary rocks their 
folding is not so much in evidence as their tilting and 
faulting; the strata are neither arched nor curved to the 
same extent as they are tilted. and fractured. On the 
flank of the Himalayas the inward dip of the strata 
toward the main range without curvature is a remark- 
able and impressive phenomenon. Bowie’s explanation of 
the Appalachian? system appears to me to fit the ob- 
served facts of the sub-Himalaya zone. 


Although he was an advocate of only regional 
isostasy, Barrell recognized the necessity of hav- 
ing a decrease of density under the Colorado 
plateaus in order to account for their uplift. In 
part I, “Strength of the Earth’s Crust, Journal 
of Geology, January-February, 1914, page 35, 
he makes the following statement: 

There are difficulties, however, in using ancient base 
leveled surfaces now upwarped as measures of the 
previous stress. It is known that a region like the Colo- 
rado plateau, which now stands markedly high, tended 
to lie near sea level from the beginning of the Paleo- 
zoic to the end of the Mesozoic. Presumably a decrease 
of density within the zone of isostatic compensation has 


taken place here during the Cenozoic, and the uplift has 
accompanied or followed the internal change. 


Quotations from many books and papers could 
be added to those given above to show that 
students of the earth consider that at least parts 
of the earth’s surface now above sea level owe 


1 American Journal of Science, July, 1921, page 17. 
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their elevation to vertically acting forces. But 
by far the greater portion of geologic literature 
favors uplift as incidental to horizontal com- 
pressive forces. 

I believe that any one who gives the geodetic 
and seismic data the careful consideration and 
the weight that are due them, must arrive at the 
conclusion that the predominating movement 
has been vertical, with the horizontal move- 
ments evidenced in faulted, folded, and distorted 
strata as incidental. 

Many of the mountain systems now existing 
have been up and down more than once. With 
each movement in either direction there will be 
crushing, crumpling, and the other phenomena 
observed in a mountain area. It seems to be gen- 
erally held that mountain systems occupy regions 
which previous to uplift were the marginal belts 
of oceans or of inland seas. 

The deepest sediments are not laid down in 
continuous sheets of vast horizontal extent—they 
are piled up at the mouths of rivers, or are dis- 
tributed by water currents in narrow belts along 
the coasts. The rivers change the locations of 
their mouths, empty their sediment laden waters 
at different places at different times. The sedi- 
ments thus accumulate in a very irregular way. 
As ‘the deltas are formed the sediments are 
carried farther and farther out to sea. While all 
of this is going on there may be a sinking of the 
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surface, on which the first sediments of the re- 
gion were laid, by contraction of the crustal ma- 
terials below. This surely happens if the present 
sedimentary area were once a mountain region. 
The initial formation of the geosyncline is inde- 
pendent of the pressure of the sediments. Then 
there is elastic compression of the crust by the 
weight of the sediments, but this will be small 
in amount. The greater part of the sinking of 
the sedimentary area will be due to the weight 
of the sediments. The sinking will vary greatly 
from place to place. The movement will be at 
different places at different times, and will be 
greatest under the greatest thickness of sedi- 
ments. 

The rigidity of the crustal materials resists 
downward movement under the weight of sedi- 
ments. There is especially much shearing and 
frictional resistance at the sides of the areas that 
are being overloaded. That these resistances are 
overcome is indicated by the nearly perfect bal- 
ance of the crust under sedimentary. areas. 

During the subsidence there will be faulting 
and distortion of strata. Horizontal movements 
of the unconsolidated sediments will occur. If 
the surface of the geosyncline is irregular, due 
to previous uplift and erosion with fragments 
of ancient tilted strata, over-thrusting or under- 
thrusting may occur. At least some of the break- 
ing and folding that may be seen in an uplifted 
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area may have occurred when the sediments 
were deposited. | 

After the sedimentary area goes through the 
cycle and again becomes an area of uplift, it 
will have undergone much distortion during the 
growth of mountains and foothills. The uplift 
will occur at different places at different times. 
The forces may temporarily cease to operate 
within a prism of the affected crust, while forces 
develop in other prisms; then the force will 
appear again in the first prism and cause further 
movements upward of its surface. There is 
shearing and frictional resistance between any 
prism and those surrounding it which tend to 
prevent upward movement unless the forces are 
equally active in each. 

This movement to form an uplifted’ area, 
where previously there had been sinking from 
contraction and the weight of the sediments, will 
result in much breaking and deforming of rock. 

Then there is the continued uplift as erosion 
lightens the prisms of the crust under the ele- 
vated region. This uplift continues until the 
region has been base-leveled. The greatest 
amount of uplift occurs after a mountain system 
has been formed. No one knows how much 
denser the subcrustal material is than the sur- 
face rocks. If 80 feet of subcrustal material is 
equal in weight to 1oo feet of surface rock, then 
five times as much matter must be eroded from 
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a mountain area to base-level it, as was present 
when the mountains were formed. This uplift 
by isostatic adjustment ever presents fresh ma- 
terials for the action of the denuding processes. 
Eventually, most of the recent sediments of the 
area would be removed, the older sediments 
would then be exposed and carried away, and 
then even the igneous rocks would be exposed. 
In old mountain regions one may find outcrop- 
pings of pre-Cambrian strata and igneous rocks, 
exposed as a result of erosion and uplift by 
isostatic adjustment. In young systems the oldest 
strata and granite peaks should not be so much in 
evidence, and may‘ be entirely absent. 

Mountain systems have various widths, de- 
pending probably upon the widths of the zones 
of sedimentary activity. Let us take a system 200 
miles in width. Some parts of the area covered 
by the mountains will have been depressed from 
one to five miles by the weight of the sediments 
and the independent contracting. When uplift 
begins it will have an upward movement from 
one to three or more miles resulting from the 
expansion of the crustal material. Then it will 
have an upward movement several times the 
amount of the mountain building uplift, during 
the period of erosion. Each one may form his 
own idea as to the total vertical movement there 
might be in a single cycle extending from the 
beginning of sedimentation through the sedi- 
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mentary period, the period of growth of moun- 
tains and the period of denudation to base- 
leveling and the beginning of a new cycle. The 
order of magnitude might be stated, but no defi- 
nite figures could be given. 

Then there is a second complete cycle, and 
perhaps a third and a fourth. The continent and 
ocean are no doubt permanent features of the 
earth’s surface since the beginning of the sedi- 
mentary age, although each has made invasions 
of the other. But along the margins of the oceans 
and inland seas deep beds of sediments have been 
laid down, and it is above these sedimentary 
areas that mountains have appeared. Some strips 
of the earth’s surface have been subjected to 
sedimentation, uplift, and erosion in an endless 
repetition from the beginning of the sedimentary 
age. 

With a mountain system 200 miles in width, 
and of indefinite length, will there not be suffi- 
cient space for the development of horizontal 
forces growing out of the vertical movements 
resulting from the loading and unloading of the 
crust underneath? An uplift involves a greater 
crustal prism than any single topographic fea- 
ture appearing on the surface. A peak or ridge 
is not due to the expansion of material in a small 
prism directly below it. The uplift follows the 
line of least resistance, and the movement may 
be vertical, inclined, or even horizontal, but it 
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must act from the prism that is undergoing in- 
ternal change. The only free surface of the prism 
is its top, and if the resistance there is made too 
great by previous uplift, and by the quiescence 
of surrounding prisms, the surface expression of 
the forces may at times occur in an adjacent 
prism. There is no way of determining the exact 
cross-section of the prisms which may be self- 
contained, but I should think it may be of the 
order of magnitude of 50 or 100 miles square. 
These values result from a consideration of re- 
gional and local distribution of compensation, 
and the size of the topographical feature which 
may not escape compensation. These subjects are 
dealt with in other parts of this book. 


Do GEOLOGICAL DATA CONFLICT WITH 
ISOSTASY ? 


Isostasy has been proved by geodesists in their 
attempt to explain abnormalities in values of 
gravity and deflections of the vertical, but 
isostasy 1s a More important part of the science 
of geology than that of geodesy. Isostasy has been 
proved only within the past few years, although 
the geodetic investigations made early in this 
century showed that it was probably true. Many 
references to isostasy are now contained in books 
and papers dealing with geologic subjects, many 
of which are listed in the “Bibliography of Isos- 
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tasy,” by Adolph Knopf, which appeared in 
1924. 

Isostasists among geologists were few in num- 
ber during the twenty years following Dutton’s 
setting forth of the theory. The interpretation 
of the geological data collected in the field were, 
with few exceptions, correlated and interpreted 
in the light of theories based on the conception 
of a rigid and strong earth capable of supporting 
continents and mountain systems.as extra positive 
loads, and ocean and inland seas as negative 
loads. Mountain systems were usually explained 
as foldings of the earth’s crust along lines of 
weakness by the cooling and shrinking of the 
center of the earth with collapse of the non- 
cooling crust. 

It was inevitable that the investigator in the 
field should be, at least at times, influenced by 
the prevailing geological theories. Evidence that 
might have fitted into other theories could easily 
escape notice, or be considered of no value. With 
isostasy accepted as a scientific principle, it seems 
necessary to accept the theory that mountain 
masses and other large masses of rock, which were 
once below sea level, were elevated by a decrease 
in the density of the material below. A corollary 
of this theory is that where an area has been 
greatly depressed there has been an increase in 
the density of the crustal material beneath the 
affected areas. 
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The only alternative to this theory is the one 
which holds that there are roots to the elevated 
areas caused by the collapse of the crust under 
regionally acting forces, without change in 
crustal densities. This theory would have been 
stronger if there had been only elevations of the 
earth’s surface. But great synclines, or troughs, 
have formed during geologic times where once 
there were mountains. The roots theory seems 
to fail when applied to downwarping of large 
areas. 

The proof of isostasy seems to call for the 
change of density theory to explain great 
changes of elevation of the earth’s surface—the 
great ups and downs. This theory, like all others, 
may have to be modified or abandoned in the 
future as data accumulate and investigations 
proceed, but some working hypothesis must be 
used or no progress can be made, and besides 
something must be brought forward to replace 
the collapse theory, which seems to have failed 
to meet the requirements of geodetic and seismic 
data. : 

Is it probable that much of the evidence of 
movement and rupture of strata observed in the 
field can be fitted into the theory of uplift by 
decrease of the density of crustal material below 
the areas in which the data are collected, just 
as well as into the collapse theory? The field data 
are no doubt accurately observed and reported 
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by their collectors. It is believed that if these 
data do not seem to conform to the principle of 
isostasy and its corollary, the theory of vertical 
movement, the trouble is in the interpretation of 
the data, not in the data themselves. 

Take over-thrust data, for instance; if a move- 
ment of strata brings the older above the newer, 
which strata did the moving? Was it the older, 
or the newer? If the former, there was an over- 
riding, or over-thrust; if the latter, an under- 
thrust. Again, was the movement from the low 
ground, the foothills, or even beyond them 

toward the center of the uplifted area, or was 
the movement outward toward the foothills and 
the plains beyond? 

There is a decided difference of opinion as to 
the direction of movement involved in the 
change in the chronological order of strata. This 
is a big and important question and needs search- 
ing investigation. Again, there are the inclined 
strata exposed on slopes, along the bluffs of 
streams and rivers, and in highway and railroad 
cuts. Are they evidence of great arches which 
bridged broad valleys, or of troughs extending 
without break under the valleys? May they not 
be merely the fragments of ruptured strata 
which have been given inclined positions as the 
isostatic adjustment uplifts the crust beneath 
an area of erosion? 

The evidence now available possibly may be 
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fitted into the isostatic principle, or at least this 
may be possible if a comparatively small amount 
of additional field research could supplement the 
existing data for any given region. The isostasist 
and the geologist, who hold that the principle 
of isostasy is established, feel that with com- 
plete, or at least abundant geological data for 
any region, there should be found no lack of 
harmony between the data and isostasy. 


RELATION OF GRAVITY ANOMALIES TO LOCAL 
STRUCTURE 


A well defined relation between the sign of 
the gravity anomalies and the Cenozoic and pre- 
Cambrian formations was recognized by Hay- 
ford and the writer when making the investiga- 
tions of which Special Publication No. IO 
(1910) is a report. While we detected a relation 
of the anomalies to certain geologic formations 
we did not at the time sense the full geologic 
importance of the relation. 

In Special Publication No. 12 (1912), the 
writer again discussed the relation of the anom- 
alies to certain formations, and showed that the 
largest anomalies might be caused by extra 
heavy or extra light material which must 
extend through depths of at least 15,000 feet. 
This subject was discussed by the writer in a 
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paper in the March, 1912, number. of the 
American Journal of Science. 

In Special Publication No. 40, which ap- 
peared in 1917, and in Special Publication No. 
g9, which was published in 1924, the writer dis- 
cussed at length the relation of anomalies to the 
geologic formations. An abstract of the discus- 
sions is given below. 

If the density of the upper strata of the crust 
for large distances laterally from the stations is 
above normal, the effect on the value of gravity 
of this extra density will be offset by a deficiency 
of density in the deeper portions of the crust, 
if the prisms affected are in isostatic equilib- 
rium. But if the upper abnormal layers are of 
limited horizontal extent, the gravity values will 
be increased by extra heavy strata, and decreased 
by extra light strata. (See Fig. 27.) 

The size and sign of the gravity anomalies 
will depend upon the horizontal extent of the 
abnormal material, its thickness and density, and 
also upon the position of compensating excess 
or deficiency lower down in the crust. 

It should be borne in mind that in making the 
gravity reductions no numerical values are given 
for the densities in the various layers of the crust 
below the ocean bottom. It is assumed that the 
densities of the crustal material below the coastal 
plains are normal, and that these densities are 


166 ISOSTASY 


modified under elevated regions and under the 
oceans to the extent that may be needed to com- 
pensate the continental and island masses and 
the deficiencies of density of the water. It is only 
deviations from normal density in crustal ma- 
terial which are considered in isostatic reduc- 
tions, 


Fic. 27.—The diagram above represents a portion of the earth’s 
crust with abnormally light sedimentary material under station 4. 
If the value of gravity were determined at stations 1 to 7, it would 
be found that station 4 would be seriously affected bv the light 
material. Stations 3 and 5 will have their values seriously de- 
creased by the vertical attraction of the light material under 4 
but the values will be increased by the counterbalancing increase 
in density in the lower portion of the column under 4. Stations 1, 
2, 6 and 7 would be affected by the compensating increase in den- 
sity below the sediments but not by the sediments themselves. A 
mass of abnormally heavy material would affect the various sta- 
tions, but in the opposite sense to that outlined above, 


If there were many gravity and deflection of 
the vertical stations on and surrounding an area 
having abnormal densities near the surface, it 
would be possible to discover by computations 
the approximate depth and horizontal extent of 
the extra heavy or light material. 

It is evident that the anomalies are not due to 
abnormal densities in the material above sea 
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level, since the Cenozoic stations, at which the 
anomalies are mostly negative, are in general 
very close to the margins of the continents and 
at low elevations. The pre-Cambrian stations are 
likewise at comparatively low elevations, in gen- 
eral less than 1500 feet. If the density of 1500 
feet of surface rock be Io per cent greater than 
normal the effect on gravity would be only 
+o.005 dyne. The abnormal densities must ex- 
tend some thousands of feet below sea level to 
cause the larger anomalies. 

It is not only the pre-Cambrian rock that 
causes the increased values of gravity, but the 
igneous rock which is just under the pre- 
Cambrian. The fact that the pre-Cambrian is ex- 
posed leads to the inference that the igneous 
rock there is nearer the surface than where later 
rock shows at the surface. It is a noteworthy fact 
that the pre-Cambrian stations in the United 
States show, in general, an excess in gravity. The 
pre-Cambrian exposures are in areas which have 
been subjected to erosion for long times. The 
prisms of the crust below must have been ele- 
vated by isostatic adjustment and the extra large 
values of gravity at stations on them must be due 
to the presence of extra dense matter near the 
surface. (See Fig. 28.) 

The Cenozoic areas have been undergoing 
sedimentation for long times, hence in order that 
prisms below might be in equilibrium they must 
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have been sinking. Since the gravity anomalies 
above the Cenozoic are, in general, negative, the 
abnormally light materials near the surface must 
be the cause of this condition. 

For many years it was held by geodesists in 
India that their country was not in as close equi- 
librium as the United States. This opinion was 
based on the many large negative anomalies at 


jj Yj yy 
Fic. 28.—The attraction which a column will exert on a unit mass 
at the center of its top depends upon the distribution of density 
within the column. If the upper part of column is denser than 
the mean, the attraction will be greater than normal; and if 
less dense than the mean, the attraction will be less than normal. 
Indian stations. In Special Publication No. 40 
(1917) the writer showed that the large negative 
anomalies on the recent formations in India 
might be, and probably are, due to the abnor- 
mally light material near the surface. This view 
was accepted shortly after by Sir Sidney Bur- 
rard, at the time Superintendent of the Trigo- 
metrical Survey of India, who carried on an ex- 
tensive investigation, in which he tested the idea 
that abnormal surface densities cause large 


deviations from normal gravity. He made a re- 
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port on his work, which appeared in 1918 under 
the title “Investigations of Isostasy in Himalayan 
and Neighboring Regions.” He concluded that 
India is probably in as close isostatic equilib- 
rium as the United States. Burrard’s report is 
a most valuable addition to isostatic literature, 
and it did much to convince many students of the 
earth that isostasy is true. 

In the United States there are 18 gravity sta- 
tions on pre-Cambrian rock, and 16 have posi- 
tive and only 2 negative anomalies. The mean 
anomalies with and without regard to sign are 
respectively +0.022 and 0.025 dyne. The nega- 
tive anomalies are —o.005 and —o.026 dyne. 
There are only four positive anomalies less than 
0.020 dyne. 

For the 100 Cenozoic gravity stations in the 
United States there are 66 negative and 32 posi- 
tive, and 2 zero anomalies. Only 5 positive 
Cenozoic anomalies are greater than -++0.020, 
and the maximum is -+-0.036 dyne. 

Of the 127 stations in the United States hav- 
ing anomalies greater than the average, 0.021 
dyne, 44 are on Cenozoic and 10 on pre- 
Cambrian areas. There are 32 stations with 
anomalies greater than 0.040 dyne, and 17 of 
these are on the Cenozoic, and 4 on: pre- 
Cambrian. The 8 largest negative anomalies are 
at Cenozoic stations. The evidence indicates that 
the 118 stations on the Cenozoic and pre- 
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Cambrian areas have greater percentages of 
larger anomalies than the 178 stations on other 
formations. 

In reporting * the results of the isostatic reduc- 
tion of 31 gravity stations in Spain Guillermo 
Sans Huelin stated that Messrs. Barandica and 
Milans del Bosch had found that Spanish sta- 
tions located on pre-Cambrian areas had an iso- 
static anomaly of +-0.047 dyne, while for the sta- 
tions on Cenozoic areas the isostatic anomaly is 
—0.033 dyne. It is not stated how many stations 
are on each formation, though it seems probable 
that there were more than one in each case. It is 
thus seen that the gravity data in Spain agree 
with those in the United States. 

There are 16 gravity stations in the United 
States on Intrusive and Effusive areas. There are 
12 negative and only 4 positive anomalies. The 
mean anomalies with and without regard to sign 
are respectively: —-o.o10 and 0.019. This evi- 
dence indicates rather clearly that for the United 
States the exposed igneous rocks which came 
from depth are not added loads to the prisms of 
the crust below them. The presence of these 
rocks at the surface seems to have been due to ex- 
pansion of the material of the prisms. 

The i2 effusive stations in India for which 


2“Ta Reduccion Isostatica de Nuestras Estaciones de Gravidad,” 
Memorias del Instituto Geographico Y Catastral, Madrid, 1926. 
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data are available run contrary to those in the 
United. States. Nine anomalies are positive and 
only 3 negative. The mean anomalies with and 
without regard to sign are respectively +0.014 
and 0.025 dyne. 

There are no gravity stations in Canada on 
either effusive or intrusive areas. 

The average gravity anomalies with and with- 
out regard to sign for the 296 stations, or groups 
of stations very close together, in the United 
States when using the depth of compensation as 
113.7 kilometers are respectively: —-o.006 and 
0.021 dyne. The averages when 96 kilometers 1s 
used as the depth are —o.002 and 0.021 dyne. 
Since the contents of this book are based to a large 
extent on the writer’s reports published by the 
Coast and Geodetic Survey and papers in scien- 
tific journals, in which the depth of 113.7 kilo- 
meters is used, and since no analysis of an ex- 
tended nature has been made of the anomalies 
resulting from the use of 96 kilometers, it is 
thought better to use in this work the older 
value. Detailed data for the gravity stations in 
the United States, India, and Canada, are given 
in the following reports, where they may be con- 
sulted by those who may wish to pursue inten- 
sively the subject of the relation of surface densi- 
ties to the sign and size of gravity anomalies: 
Special Publications No. 12, 40, and 99, of the 
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U. S. Coast and Geodetic Survey, “Investiga- 
tions of Isostasy in Himalayan and Neighboring 
Regions,” Survey of India, Professional Paper 
IN OFT-7. 


ANTICLINES AND SYNCLINES 


The evidence and discussions regarding the 
relation of the gravity anomalies to geologic for- 
mations and the effect of abnormal densities on 
the anomalies presented in the writer’s reports 
and papers led David White, of the U. S. Geo- 
logical Survey, to request the Director of the 
U. S.~Coast and Geodetic Survey, E. Lester 
Jones, to have a number of gravity stations estab- 
lished at places below which much was known 
regarding structure and densities of rock. The 
request was granted with enthusiasm, as it was 
realized that valuable results should come from 
a geologic study of the data to be secured. 

White made a study of the anomalies at the 
Special stations, and at many other stations in 
the United States located east of the Rocky 
Mountains. He supplemented the results of the 
writer’s investigations by showing that there is 
a rather definite relation between the sign of the 
anomaly and anticlines and synclines. He found 
that for stations above structural anticlines the 
anomalies tend strongly to be positive, while for 
stations located above structural synclines the 
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tendency is strongly towards negative anomalies. 
He found this tendency to apply not only to the 
pre-Cambrian and Cenozoic areas, but to the 
Cambrian, Peleozoic, and Mesozoic. The rela- 
tion found by White is due, no doubt, to the fact 
that under a structural anticline, whether ex- 
posed or buried, the igneous rocks, which are 
denser than sedimentary ones, are close to the 
surface. On the other hand, under the structural 
synclines, the igneous rock will be depressed, 
and their distance from the surface will be 
greater than normal. 

The discovery of White is of great importance 
since it furnishes a means of studying and work- 
ing out the structure of an area, and it may be 
of value in searching for oil. Since the gravity 
values tend to be high over known anticlines it 
would be a logical inference that buried anti- 
clines may lie beneath high values of gravity. At 
least one oil company is now using a gravity 
pendulum in its explorations. It is also possible 
that large bodies of ores of high density may be 
discovered by means of the gravity pendulum. 

A paper covering his research was presented 
by White as his presidential address at the 
Annual meeting of the Geological Society of 
America in December, 1922. It appeared in the 
June, 1923 number of the proceedings of that 
society. 
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A FAULT oR RIDGE ONCE STARTED TENDS TO 
BE EXTENDED 


Fault zones tend to have a long extent, more 
or less parallel to the trend of a mountain sys- 
tem; this is also true of ridges. Is not this a nat- 
ural consequence of the vertical forces tending 
to raise an area which had previously been sub- 
jected to heavy sedimentation? 

The crust affected by the sediments lies in a 
strip adjacent to the position occupied by the 
continental shore when sedimentation began. 
When the crust begins to expand the uplift is 
very ~irregular. All~ parts of ‘the affected 
crust do not begin to expand at the same time. 
The sediments were laid down at different 
places at different times. “The beds of -seqr 
ments were of different thicknesses at different 
places. In’ consequence of these conditions the 
uplift will be quite as irregular in time and 
amount for different parts of the affected area 
as was the sedimentation and sinking. 

To present the problem in its simplest form, 
let it be assumed that the whole strip of crust 
works at the same time and. rate, also that the 
cross-sections of the sedimentary beds are similar 
all along the strip. Presumably all prisms of 
moderate cross-section of the affected crust are 
in equilibrium, and therefore there should be 
no movement of one prism with respect to others 
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from gravitational stresses, before uplift begins 
from expansion. The deepest sediments would 
not be at the edges of the sedimentary area, nor 
would they be exactly at the central axis of the 
area. The greatest activity should be under the 
deepest sediments, and it is above them that the 
greatest expansion should take place. 

There will be great shearing and frictional 
resistance to the upward motion by the un- 
affected crust to the sides of the sedimentary 
area. There will also be much resistance to up- 
ward movement by the upper layers of the 
crust including the layers of the recent sedi- 
mentary beds but presumably the recent ma- 
terials will be weaker than the beds on which 
they lie. 

For any depth the resistance to uplift should 
be less under the deep sediments than for any 
other part of the crustal strip under considera- 
tion. The surface of the sediments should be 
nearly horizontal before uplift begins; there- 
fore, the thickness of the old layers above the 
isostatic depth would be thinnest under the 
deepest sediments. When the expansive processes 
begin operating there will be elastic distortion 
of the old and recent layers above. If the uplift 
is of sufficient rapidity fissures will be formed by 
the tensional stresses or there may be block fault- 
ing or a combination of the two. In any event 
there must be uplift of the surface. 
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The expansional forces are operating in a 
region parallel to the axis of the strip, at right 
angles to it and vertically. It is evident that the 
movement cannot be downward for this would 
cause subcrustal material to move horizontally. 
But the adjacent regions are in isostatic equilib- 
rium, and they will resist the addition of mass. 
Not only do they already balance the affected 
strip by their weight but they would resist by the 
strength of their layers any tendency to bend 
them up, or to fault them and lift them in blocks. 
The resistance of the unaffected crust to the sides 
of the expanding strip will tend to prevent 
lateral expansion. The material of the strip is 
undergoing expansion at all parts; therefore, 
each small prism of it will be re-acting against 
its neighboring prisms, thus neutralizing the 
tendency to expand along the axis. The only di- 
rection in which the expansion may take place 
is upward. 

Block faulting across the axis of the strip 
could not result in extensive relative uplift for 
each prism would undergo its own block fault- 
ing, and the relative amount of vertical move- 
ment from this cause would be small. Block 
faulting is likely to occur longitudinally, for the 
line of prisms over the deepest sediments will 
be expanded more than the row of prisms to the 
sides. ‘These will have a tendency to expand more 
than the prisms at the edges of the strip. There- 
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fore, it would seem that the block faulting would 
tend to be parallel to the axis of the strip. 
_. Apparently block faulting occurs when the 
‘material of the outer layers of the crust are 
\ strong and rigid. They withstand the expan- 
sional forces until the elastic limit is reached, 
and then they break rather than bend and stretch. 
The horizontal cross section of a fault block is 
a function of the strength and thickness of the 
strata affected. Those blocks should have the 
greatest cross sections which are composed of 
the strongest rock. 

On the other hand when the materials com- 
posing the outer layers are not strong and rigid, 
but are weak and somewhat lacking in rigidity, 
there should be a tendency under the simple 
conditions we have assumed for the whole region 
to arch up, with a smooth surface somewhat 
similar to the inverted arch of the bed of the 
sediments. If the material near the surface is 
very weak and low in viscidity the arch would 
tend to slump. It could not move axially, for the 
same vertical movement is taking place all along 
any line parallel to the axis. The only direction 
in which the slumping could occur would be 
lateral. The slumping would begin shortly after 
the beginning of the uplift, and would continue 
during the time the expansion takes place. The 
horizontal extent of the movements would not 
be great. There would be no flowing of material, 
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but only a sagging down, which possibly may re- 
sult in the formation of ridges. Parallel ridges 
cannot be the result of regionally acting forces 
(see page 207); therefore, they must be due to 
local forces. These forces must be acting from 
high toward lower areas. 

It is improbable that the slumping of the ma- 
terial of the outer layers takes place in the sur- 
face rocks; these should break and crush. The 
slumping to form ridges must apparently occur 
at a depth of a mile or more. If a folded system 
were not subjected to erosion before maturity, it 
is probable there would be faulted, crushed, and 
upturned strata over the ridges. The smooth 
ridges would appear after the surface strata had 
later been removed by erosion. 

No such ideal trough filled with sediments, 
like the one discussed above, occurs in nature. 
The shape of the bed under the sediments is 
irregular, but there probably is a more or less 
continuous line running through the deepest 
sediments, and this line probably does not deviate 
materially from parallelism with the central 
axis of the sedimentary zone. 

The simple movements postulated for the 
ideal trough would not occur, but the funda- 
mental principles would not differ. The only 
direction free to the expansion would be up- 
ward. Extensive block-faulting and distortion 
could not occur at right angles to the axis of the 


GEOLOGICAL DEDUCTIONS 179 


area; they could occur in lines parallel to the 
axis. In the actual case should a longitudinal 
fault develop in one prism, it is probable that 
it would be continued into or across a contiguous 
prism, and so on for some distance. If, however, 
two prisms were to be more active or start up- 
ward movement before the prism between them, 
each might develop a fault zone of itself, and 
the prism between would be affected on each 
side, and the final fault zone for the three might 
not be continuous. 

It seems to be certain that a break in the 
earth’s crust would have effects somewhat simi- 
lar to that of materials with which we are 
familiar. A small tear in a sail during a storm 
will, unless immediately repaired, grow in ex- 
tent. The sail will not fail in many places, but 
along the first break. A bar of steel, of uniform 
cross section, subjected to bending may be 
broken at any point desired by filing a shallow 
groove at that point. Many examples could be 
given of materials failing along a line from a 
small break or tear. The earth’s materials near 
the surface, no doubt, act in a similar manner. 
May this not be the reason that fault-zones and 
ridges tend to be continuous and parallel to the 
general trend of a mountain system? 

In addition to the uplift to form the moun- 
tains there is great uplift to restore the balance 
as erosion proceeds. This uplift will also cause 
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much faulting, and possibly also folding, but the 
folding would not occur in the surface rock. 
This faulting and folding would have directions 
conforming in a general way to the axis of the 
erosion area. 


ISOSTASY AND EARTHQUAKES 


The principle of isostasy calls for a local cause 
for at least each of the major changes in eleva- 
tion of the earth’s surface, and since earthquakes 
seem to be surface phenomena, it would follow 
that the causes of earthquakes are local. 

Had not the geodesists, when attempting to 
use triangulation and astronomic determinations 
of latitude to derive the figure of the earth, 
proved that the earth has a weak crust, the seis- 
mologists would probably have proved it some- 
what later. It has been estimated that from 5000 
to 8000 earthquakes are recorded yearly by the 
seismographs now in operation. It is likely that 
there are many more small quakes which are 
not within the range of the existing stations. 
Only a small percentage of the quakes are felt 
by man, but even the large ones cause only small 
horizontal and vertical surface changes. No 
statistics can be given as to the length of the 
zone which is faulted during the larger earth- 
quakes, but it is believed only occasionally to be 
greater than 100 miles. 
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The seismologists have not determined the 
limiting depth within which earthquakes occur, 
but few of them believe that the depth is greater 
than 100 miles. From the viewpoint of the isos- 
tasist the limiting depth should be the lower 
limit of the earth’s crust, which must be slightly 
lower than the computed depth of compensation, 
60 miles. If the rigidity of the crustal material 
decreases with depth and is almost zero at its 
lower limit the greater part of the earthquakes 
should occur in the upper half of the crust. 

We may conclude from the seismologic evi- 
dence that the earth’s crust is very weak, and 
that the causes of earthquakes act locally. This 
conclusion is in no way in conflict with isostasy. 
Earthquakes are caused by the breaking of ma- 
terial having residual rigidity. The crust is com- 
posed of such material, while the sub-crustal 
matter, or at least the upper part of it, 1s quite 
plastic to stress differences acting for long times. 

The forces which cause earthquakes are prob- 
ably the same as those which cause surface 
changes. These are due to: 

(1) The weight of sediments forcing down 
the crust beneath them. 

(2) The influx of sub-crustal matter into 
crustal space to restore the equilibrium of crustal 
prisms which have been lightened by erosion. 

(3) The expansion of crustal matter which 
had been forced down, and subjected to in- 


182 ISOSTASY 


creased temperature, by the weight of sediments. 

(4) Contraction of the crustal prisms which 
have been forced upward as erosion removes ma- 
terial from their surfaces, and later cooled. 

The quakes which occur near active volcanoes 
would seem to fall in the third class, since vol- 
canic activity should, under the isostatic princi- 
ple, result from expansion of the crust beneath 
them. 

There may be other forces operating to cause 
surface changes and earthquakes, but the four 
mentioned above seem to meet all the needs of 
the isostasist. 

There is movement of material below the 
crust to restore isostatic balance disturbed by 
erosion and sedimentation. ‘The layer within 
which this movement takes place is probably a 
thick one. If it is, the horizontal movement of 
any unit mass would be small, a few miles or tens 
of miles, rather than hundreds or thousands of 
miles. The horizontal movements occur in 
plastic matter and it is probable that only slight, 
if any, disturbance is caused by them at the sur- 
faces of intermediate prisms already in equilib- 
rium. 


ISOSTASY AND VOLCANISM 


The values of gravity on volcanic islands tend 
to be too great, but this is probable due to the 
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presence of material of greater density than nor- 
mal near the surface. There is no way of de- 
termining the density of the material of an island 
pedestal, but it probably is greater than 2.67, the 
value used in the isostatic reductions. It does 
not seem to be possible that the prism of the crust 
under a volcanic island has greater than normal 
mass. Its surface, in many cases, stands thousands 
of feet higher than that of the surrounding 
prisms, and the stress differences, should the 
island prism have the greater mass, would be 
from it toward the adjacent ones. 

Since all areas of continents which have been 
tested are closely in isostatic equilibrium, it 
seems logical to infer that this condition obtains 
for islands and the crust surrounding them. On 
the basis of the isostatic principle, it would seem 
that some process acting within the crust forces 
marematic material to the surtace. There are 
only a few gravity stations on the lava fields of 
the United States, but the isostatic anomalies at 
those stations are small. They do not indicate an 
excess of mass in the prisms on which they are 
located. 

If, as seems to be probable, the outflow of lava 
on an island or on a continent is due to an ex- 
pansion of the crustal material beneath the 
active region, there would not be any increase 
in the mass of the prism below. The outpoured 
lava would be an added load on the surface of 
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the prism, but it would not increase the pressure 
on its subcrustal base. 

The presence of two active volcanoes, close 
together, on the island of Hawaii is an indication 
that the processes causing them are not in opera- 
tion below the crust, nor even very deep down 
within the crust. If the vents of the two vol- 
canoes were connected with a single liquid or 
plastic mass it would not be possible to have 
lava flowing from both of them simultaneously. 
Mauno Loa has an elevation of 13,675 feet, 
while the crater of Kilauea is only 4040 feet. The 
pressure of a column of liquid, or even of very 
plastic, lava 9635 feet in height would be enor- 
mous. No outflow could take place from the 
higher crater if the two volcanoes originated 
from the same reservoir of liquid material. This 
subject has been treated very effectively and con- 
vincingly by A. L. Day, Director of the Geo- 
physical Observatory of the Carnegie Institu- 
tion of Washington. ‘The Hawaiian volcanoes 
have been studied for a number of years by T. 
A. Jaggar, Director of the Volcanic Observatory 
at Kilauea. Volcanism is now receiving much 
attention and, with the principle of isostasy 
established, it should be possible to make great 
progress in that branch of geophysics. 

It will be interesting to learn whether islands 
on which there are volcanoes now active, or 
active until recently, are rising. To be in har- 
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mony with isostasy, the mass of the island above 
sea level should be increasing. There may be 
local sinking under some parts of the island, due 
to the pressure of the lava on the surface, and 
there may be uplift of the surface caused by ex- 
pansion within the crust, which is not entirely 
relieved by the outflow from the volcanoes and 
from fissures. Accurate leveling, repeated from 
time to time, should, after the lapse of many 
years, furnish data with which to determine 
whether there is uplift or subsidence of volcanic 
islands. 


RATE OF DENUDATION 


An article on Denudation by R. B. Dole and 
H. Stables, in Water-Supply Paper No. 234 
of the U. S. Geological Survey, 1909, contains 
very interesting and valuable data which must 
be considered in any comprehensive study of 
iscstasy and geology. 

An account is given of the gauging of streams 
and the determination of the solid matter in 
solution and suspension carried to tidal waters. 
The estimates of the rate of denudation of the 
afea Of the United: States is believed by the 
authors to be correct within 20 per cent. The 
article contains this statement: 


The estimates reveal that the surface of the United 
States is being removed at the rate of thirteen ten- 
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thousandths of an inch per year, or 1 inch in 760 years. 
Though this amount seems trivial when spread over 
the surface of the country, it becomes stupendous when 
considered as a total, for over 270,000,000 tons of dis- 
solved matter and 513,000,000 tons of suspended matter 
are transported to tide water every year by the streams 
of the United States. This total of 783,000,000 tons 
represents more than 350,000,000 cubic yards of rock 
substance, or 610,000,000 cubic-yards of surface soil. If 
this erosive action had been concentrated upon the 
Isthmus of Panama at the time of American occupa- 
tion, it would have excavated the prism for an 85-foot 
level canal in about seventy-three days. 


A rate of denudation of 1 inch in 760 years is 
one foot in gooo years. The average elevation of 
the United States is about 2500 feet. At the rate 
of one foot each gooo years, the United States 
should be worn down in about 20 to 25 million 
years, if the material above sea-level were an 
extra load on the crust and there were no process 
at work to cause an uplifting of the surface. If 
the age of sedimentation and erosion is one and 
one-half billions of years and if the rate of de- 
nudation has been uniform during that period 
the amount of matter carried to tide water would 
have been about 30 miles on an average. The 
rate of denudation over such a large area as the 
United States (3,000,000 square miles) will not 
be uniform throughout. The denudation will 
vary with the amount of rainfall, the character 
of the soil and the subsoil, the geologic character 
of the rocks and stream velocity. It would seem 
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therefore that much more would be worn away 
from some areas than from others. 

In spite of the rapid rate of denudation the 
continent now stands 2500 feet above the sea. 
Sixty times that amount could have been taken 
away if the rate of denudation throughout the 
sedimentary age were what it now is. 

The earth’s crust is in equilibrium. It prob- 
ably has been maintained in this condition since 
the beginning of the sedimentary age of the 
earth. The rate of denudation in the United 
States is probably a fair average for the whole 
land area of the earth. The area of the United 
States, like that of other large portions of the 
land area of the earth, has been below sea-level 
when it accumulated vast amounts of sediments. 
The evidence indicates that all of a continent 
was not submerged at any one time. Some parts 
of continental areas have been submerged and 
have emerged more than once. It does not seem 
probable that the average elevation of the United 
States was ever greatly in excess of its present 
value. 

While denudation progresses the isostatic 
equilibrium is maintained by a movement of 
subcrustal matter from the space below the area 
of sedimentation toward that of denudation. The 
maintenance of the equilibrium greatly retards 
the base-leveling of an elevated area. 
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RAINFALL DURING THE SEDIMENTARY AGE 


The average yearly rainfall on the land sur- 
face of the earth is close to 30 inches or 2.5 feet. 
The rainfall in past geologic time has varied for 
any one place owing to changes in its elevation 
and to the changes in elevation and configura- 
tion of neighboring regions. There is no reason, 
however, to believe that the average rate of rain- 
fall for the entire land area has been very differ- 
ent from what it now is. 

Before the beginning of the sedimentary age 
there could not have been running water, hence 
there was no rain. We are justified in inferring 
that the earth’s surface was irregular, but 
whether the water was present in the low areas, 
or as vapor above the earth, is not known. 

The sedimentary age began with evaporation, 
precipitation, and the running of water from 
land areas. It is most probable that there have 
been no breaks in precipitation for any long 
periods of time since the beginning of rain fall. 

There are numerous estimates of the duration 
of the sedimentary age, but one widely recog- 
nized is of the order of magnitude of 1,500,000,- 
ooo years. With continuous rainfall at the pres- 
ent rate during such a period of time, about 
three-quarters of a million miles of water would 
have fallen. The rate of 2.5 feet per year would 
give a mile of rain in about 2000 years. The 
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water of the earth, if spread out evenly, would 
cover the globe to a depth of about gooo feet, or 
1.7 miles. The amount of rainfall during the 
sedimentary age has been from a quarter million 
to a half million times as much as the water now 
on the earth. 

No matter what the length of time of the 
sedimentary age, the amounts of evaporation, 
rainfall, and denudation have been enormous. 
They must be given their proper consideration 
in studies of the earth and of the causes of sur- 
face changes. As the earth’s crust is weak and in 
isostatic balance, it seems that these three related 
phenomena are the primary causes of at least 
the major changes in the elevation of the earth’s 
surface. 


GRADUAL LOWERING OF CONTINENTS AND 
THEIR INCREASE IN AREA 


If we assume that the cause of disturbance of 
isostatic equilibrium can be attributed to evapor- 
ation, denudation and sedimentation, with no 
other independently acting major cause existing, 
and that the earth’s crust is in isostatic equl- 
librium and has been in that state since the be- 
ginning of the present sedimentary age, then the 
continents should be decreasing in average ele- 
vation, and their margins should be gradually 
extending out into the oceans. In this connection 
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the margins should be taken as the outer limits 
of the continental shelves. It is probable that the 
average elevation of any particular continent 
may have been lower at some former time than 
it is now, also that its margins may have been ex- 
tended beyond where they now are. But the re- 
sultant change during the sedimentary age must 
have been in the direction of a lower average 
elevation and a greater area. 

When matter from a land area has been trans- 
ferred to the ocean the crust under the denuda- 
tion area is lighter than normal, and the crust 
under the area of sedimentation is heavier than 
normal and the isostatic balance of both portions 
of the crust has been disturbed. The balance is 
restored by a horizontal movement of subcrustal 
matter. It may be assumed that the greater por- 
tion of the sediments is deposited in the tidal 
waters within about 200 miles of the coasts. 

The denuded matter may be assigned a density 
of 2.70, the upper subcrustal matter a density of 
3.15 and the crustal matter an average density 
of 3.00. The surface matter removed is balanced 
by subcrustal matter somewhat denser. With 
these densities the lowering of an eroded area 
would be about 14% or one seventh the thick- 
ness of the denuded matter. 

This percentage may be lessened somewhat 
by an elastic expansion of the crustal matter 
upon the lessening of load and also by an elastic 
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expansion of the subcrustal matter which enters 
the normal crustal space to counterbalance the 
denuded material. But these effects would be 
small in comparison with the lowering due to 
the difference in density of the denuded matter 
and the subcrustal matter which balances its 
loss. 

The compacted sediments laid down in tidal 
water may be assumed to have a density of 2.70, 
that of the materials in place before denudation. 
Fresh sediments probably have a density 10 per 
cent lighter than this, but by the time very active 
sedimentation ceases along any coast, the sedi- 
ments will have assumed a density closely ap- 
proximating 2.70. 

The sediments, if laid down in shallow water 
will press down the crust below and cause a dis- 
placement of subcrustal material equal in mass, 
but having only about 86 per cent of the volume 
of the sediments. This will result in the raising 
of the surface of the earth where the sediments 
are placed by an amount equal to 14 per cent of 
the thickness of the sediments. 

If the sediments are laid down in deep water 
the earth’s surface affected will be increased in 
elevation even a greater amount. The sediments 
displace an equal volume of water of a density 
of about 1. Therefore, the effective density of 
the sediments in increasing the load on the base 
of the crust below will be only 1.70. As the sub- 
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crustal density is assumed to be 3.15, only about 
54. per cent as great a volume of subcrustal mat- 
ter is displaced as the volume of sediments laid 
down. Therefore the solid surface of the earth 
below the water receiving the sediments will be 
raised by an amount equal to 46 per cent of the 
thickness of the sediments. 

It is probable that after the deposition of great 
masses of sediments along any continental mar- 
gin there will be an uplift. This has occurred in 
the past, for all great mountain systems occupy 
areas where sedimentation had previously been 
heavy. This uplift is not accompanied by any 
increase in mass of the portion of the crust in- 
volved. 

The elevation of the surface of a portion of 
the earth’s crust is not a permanent elevation, for 
the reverse process of what caused the uplift will 
eventually lower the surface. So the elevation 
of a mountain system along the margin of a con- 
tinent should not in itself be considered as a fac- 
tor in the gradual lowering of the average eleva- 
tion of a continent and in the extension of a con- 
tinental area. But the indirect effect of the moun- 
tains formed above the sedimentary area is to 
furnish still more sediments to the tidal water 
area with extension of the continental margins. 
The direction of movement of denuded matter 
depends upon the climatic conditions and the 
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directions of the streams leading from the up- 
lifted masses. But we are justified in assuming 
that somewhat more than half the matter carried 
off in suspension and in solution finds its way to 
the deep waters which lie outside the general 
outline of the continents. 

Should an inland sea have been formed at or 
about the time that a mountain system was 
formed along the coast of the ocean, where for- 
merly there had been thick beds of sediments, 
much of the denuded matter from the moun- 
tains would of necessity be deposited in the in- 
land body of water. This must have been the 
situation with regard to the deposits which later 
were raised into the Appalachian Mountain sys- 
tem. There was at that time a mountain system 
to the eastward from which matter was moved 
to the eastern margin of the then existing inland 
sea. While those sediments were forming other 
denuded matter was moving eastward and de- 
posited in tidal water of the Atlantic. It is the 
latter material which helped to extend the con- 
tinental area seaward. 

Since much of the denuded matter goes to 
tidal water outside the continental area it is in- 
evitable that the lighter matter deposited in 
water areas should extend the continental mar- 
gins, for even though there is a return of sub- 
crustal matter to restore the isostatic balance, the 
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latter matter has greater density than the de- 
posited material and hence a smaller volume of 
it is needed to restore the balance. 

The first result of the sedimentation would be 
to extend the continental shelf and decrease the 
depth of water above it, and the second would 
be the formation of continental or island masses 
by uplift above sea-level over the heavily sedi- 
mented areas. 

A factor in the rate of change in the average 
elevation of the continent is the different com- 
position of crustal material under different 
areas. Washington has showed a rather definite 
relation between elevation and the chemical 
composition of igneous rocks. The heavier ele- 
ments are present in greater proportion in ocean 
areas than in continental areas. 

The materials denuded from the continental 
masses, most of which come from the higher ele- 
vations, no doubt have the heavy chemical ele- 
ments present in smaller proportions than the 
crustal materials under the tidal waters in which 
the denuded matter is deposited. | 

Presumably the heavier elements are present 
in greater proportions throughout the crust 
under ocean waters and therefore the matter 
which moves landward to restore the isostatic 
balance will have the effect of increasing the 
average density of crustal matter below the con- 
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tinental areas and will cause a lowering of the 
average elevation of the land areas. 

The difference in the density computed from 
the chemical composition of crustal matter 
under the continents and under the oceans is not 
very great. Suppose the average elevation of the 
continent is one half mile and the ocean depth, 
after allowing for the water condensed to 2.70 
density, is one mile. Since the crust is about 60 
miles in thickness the difference in crustal thick- 
ness under the land and water is only 2.5 per cent 
of the normal thickness of the crust. The differ- 
ence in the density of the crustal material under 
the land and water will also be 2.5 per cent. With 
such a small difference in density we are led to 
believe the change in elevation of continents 
from the above cause will be exceedingly small 
but it will be persistent in its action, and its effect 
will always be in the same direction. 

It must also be remembered that the sub- 
crustal movement to restore the isostatic balance 
does not cause matter to move for great dis- 
tances. The action is hydrostatic to a certain de- 
gree. The whole body of subcrustal material ex- 
tending from the area of sedimentation to that 
of denudation will be affected but the transla- 
tion of any specified part of the material will be 
small, in tens of miles rather than in hundreds 
or thousands. 
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If the width of a sedimentary area were 200 
miles and the sinking of the crust 5 miles, then 
1000 cubic miles of subcrustal matter would 
have to be displaced for each mile along the axis 
of the sedimented area. If the subcrustal move- 
ment were confined to the upper 5 miles of the 
subcrust, the subcrustal matter affected would 
be moved toward the denuded area a distance of 
200 miles. There would be a similar motion of 
all parts of the upper 5 mile layer of subcrustal 
matter all the way to the denuded area. 

Now let the layer of subcrustal matter in- 
volved in the restoration of equilibrium be 25 
miles in thickness, then the horizontal movement 
involved in the restoration of equilibrium will 
be only one-fifth of the width of the sedimentary 
area or 40 miles. Should the movement take 
place throughout the upper roo miles of the 
subcrustal matter, the horizontal movement 
would be only 1o miles. It is not known, of 
course, just how far down in the subcrust the shift 
of matter to restore equilibrium takes place, but 
it no doubt is deep enough to make the lowering 
of the continents very small due to the shift of 
matter having different density. 

It is not the matter which forms the lower end 
of a crustal prism which is pushed aside toward 
the denuded area. The crustal matter forced into 
subcrustal space may retain for some time its 
rigidity and force the plastic subcrustal matter 
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aside. It is probable though that it will eventu- 
ally behave as subcrustal matter, when it has 
acquired the temperature which is normal to its 
new position. If its density then should be differ- 
ent from that of subcrustal matter at that depth 
there would be a local hydrostatic adjustment to 
relieve the stresses. 

An approximate idea of the continental accre- 
tions under certain assumed conditions can be 
given. 

The denudation of the United States is at the 
rate of one foot in 9000 years or 1000 feet in 
9,000,000 years. 

Assume that this 1ooo feet of denuded ma- 
terial is laid down along the outer coast in shal- 
low tidal water, that the density of the denuded 
material is 2.70, and the density of subcrustal 
material is 3.15. Assume also that the area of 
tidal water in which the sediments are placed 
is I,000,000 square miles and that the isostatic 
balance is maintained. The area of the United 
States is 3,000,000 square miles. The difference 
in density of the denuded rock and the sub- 
crustal materials is probably about 17 per cent 
Oisthe density. of the former, We therefore 
should expect a rise of the bottom of the tidal 
water, in which the sediments 3000 feet in thick- 
ness were placed, of about 430 feet. 

If the average depth of water over the conti- 
nental shelves surrounding a continental mass 
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were 1000 feet, if the area of water in which the 
sediments are placed were one-third that of the 
continent, if the rate of erosion were one foot in 
gooo years, if there were no sinking except that 
caused by the weight of the sediments, and if the 
surface and subcrustal densities were 2.70 and 
3.15 respectively, then the time required to bring 
the continental shelf to sea level could be de- 
rived as follows: 

The sediments deposited in deep water have 
an effective pressure of matter of only 1.70 den- 
sity, since the sediments displace water having 
unit density. (In deep water there is not the 
independent sinking that must be assumed for 
an area near shore where deep beds of sediments 
are all deposited in shallow water.) As stated 
on page 142, the ocean bottom in deep water is 
raised by an amount equal to 46 per cent of the 
thickness of the sediments. Therefore, should 
sediments be deposited to a thickness of 1000 feet 
over a continental shelf having a depth of 1000 
feet, the shelf would be raised 460 feet. At the 
rate of shoaling of 46% of the*depth of sedi- 
ments about 2200 feet of sediments would be re- 
quired to bring the continental shelves to sea- 
level. ‘The time required to accomplish this 
would be between six and seven millions of 
years. 

When sediments are carried to deep parts of 
the oceans, the bottoms of the oceans are ele- 
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vated, and the sea-level is raised. The land areas 
are lowered in elevation because of the erosion, 
even though balanced by subcrustal matter. The 
resultant effect will be a lessening of the average 
depth of the ocean area of the earth, extension 
of the water area, and a decrease in land areas. 
But these effects of deposition in deep water are 
more than offset by the deposition of sediments 
in shoal water, and the building up of conti- 
nental shelves to sea-level by sediments. ‘The net 
result would seem to be a decrease in the eleva- 
tion and an increase in the extent of land areas. 


CHAPTER VIII 


PROCESSES INVOLVED IN CRUSTAL 
AND SUBCRUSTAL MOVEMENTS 


HORIZONTAL VERSUS VERTICAL FORCES AS THE 
CAUSE OF UPLIFT 


THE idea that the great vertical changes of the 
earth’s surface are due to regionally acting hori- 
zontal forces is deeply rooted in geological 
science; many of those who acknowledge the 
establishment of the isostatic principle still hold 
to the horizontal force idea. It is beyond ques- 
tion that horizontal forces have acted in the past 
and are now in operation. Horizontal move- 
ments of portions of the surface occur during 
earthquakes, and there is evidence that such 
movements take place quite distant from faults 
which have been recently active. There were 
relative horizontal movements along the sides 
of the San Andreas fault in California as great 
as 21 feet during the earthquake of 1906. The 
recent triangulation executed in California by 
the United States Coast and Geodetic Survey, 
which covered the same stations which formed 
the original triangulation of thirty or more years 
ago, indicates clearly a horizontal movement of 
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as much as 15 feet for some of the stations, and 
possibly a greater movement than that for a 
few stations. The stations are some miles from 
the San Andreas fault. This subject is discussed 
in Special Publication No. 106 of the U. S. 
Coast and Geodetic Survey, entitled “Earth 
Movements in California,” 1924. 

There is folding of sedimentary strata in up- 
lifted regions, and there are overthrusts, or 
underthrusts which are undoubtedly due to hori- 
zontal movements. Many earth students observ- 
ing the local phenomena involving evidence of 
horizontal movement interpret them as being 
merely incidents to the great horizontal move- 
ments which form mountain systems. This it 
seems to me is an extrapolation which leads to 
incorrect conclusions. No movement of material 
can take place without an adequate force. How 
does the force necessary to cause great hori- 
zontal movements originate, or if in existence 
continuously, how did it come into being? The 
earth itself is the only part of the universe in- 
volved to any extent in what is going on within 
its solid material. 

The sun and moon have influences on the 
atmosphere and the hydrosphere as the earth in 
rotating exposes different parts of its surface to 
those two bodies; but these influences are small 
even on the hydrosphere. Except where the con- 
figuration of the shores causes changes of the 
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water level of from 10 to 50 feet, the rise and 
fall of the ocean waters, called tides, are small. 
On ocean islands the range in the tides is seldom 
more than five feet. As examples may be men- 
tioned the following island tidal stations with 
the Spring tide range in feet: Bermuda, 4.0; 
Ponce, Porto’ Rico, no; Arnel Point; san 
Miguel Island, Azores, 5.7; Honolulu, Hawai- 
ian Islands, 1.8:-Guam,. 2.3: Apia, Samoa, 3:23; 
Havana, Cuba, -1195-St:) Helena, 2:07>Colomue 
Ceylon; 2:0. 

The sun and moon exert a tidal effect on the 
solid earth, but the rise and fall of the surface 
under this effect is probably less than one foot, 
and besides it is an elastic phenomenon. The 
effect is a wave motion with no horizontal move- 
ment. It is a movement of oscillation and not 
of translation. The tidal forces are inadequate 
to change materially the shape of the surface of 
the solid earth. The forces are not continuous, 
and they are not cumulative in their results. We 
should abandon the idea that the tide producing 
forces of the sun and moon can move continental 
masses and build mountain systems and island 
archipelagoes. 

Then there is the small force, appealed to by 
Wegener, and the adherents to his theory, which 
tends to pull elevated masses toward the equator. 
The center of gravity of a floating body is 
farther from the center of the earth than the 
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center of gravity of the mass of water displaced. 
Owing to the centrifugal force, due to the 
earth’s rotation, equipotential surfaces at differ- 
ent heights are not parallel, and the directions 
of gravity, except at a pole or at the equator, 
through the center of gravity of the water dis- 
placed will not coincide with the direction of 
gravity through the center of gravity of the float- 
ing body. As there is a difference between the 
two directions, there is no equilibrium, but a 
tendency for the floating body to move toward 
the equator. The force is exceedingly small, and 
certainly cannot break apart crustal matter hav- 
ing even slight residual rigidity.’ 

The above principle applies as well to conti- 
nental and island masses, and in fact to those 
masses below the oceans which stand above the 
lowest part of the ocean floor. But the force is 
extremely small and even though it acts continu- 
ously, it would have no effect in rifting a conti- 
nent. Even should this improbable event occur 
the force would be too small to distort the conti- 
nental surface and create mountain systems. 

Wegener’s book on the drifting or wandering 
continents is quite convincing in those parts 
which are devoted to attacks on the old theory 
of a cooling center and collapsing crust as the 
cause of earth movements. Those parts which 


1See W. D. Lambert “Some Mechanical Curiosities Connected 
with the Earth’s Field of Force,’ Amer. Jour. of Science, Sept., 
1921, page 135. 
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deal with the breaking up of a single land-mass 
into continents, with islands left behind in the 
wandering of the disrupted parts, and his ex- 
planution of the formation of the mountain sys- 
tems of the earth, leaves the reader very much 
puzzled. Wegener’s hypothesis was an attempt 
to substitute something for the contraction 
hypothesis which has been vigorously assailed 
during recent decades. 

It appears that the earth’s surface is not 
changed by external forces or forces resulting 
from its rotation. 

The explanation of the surface changes which 
has been most widely adhered to is the contrac- 
tion hypothesis just mentioned. According to it, 
the center of the earth is losing heat through the 
crust to surrounding space, with the crust main- 
taining its original temperature. The earth must 
be losing heat through the atmosphere; this is 
evident from the fact that the temperature of the 
earth increases with the depth, at least for the 
first mile and a half, while the average tempera- 
ture of the earth a few feet below the surface is 
hotter than the average temperature of the 
atmosphere. Why should the temperature of the 
crust remain constant, however, while the center 
is cooling? No convincing explanation of this 
phenomenon has been advanced so far as the 
writer is aware. 

According to the contraction hypothesis, the 
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nucleus is supposed to contract and shrink away 
from the crust, leaving the crust detached with 
spaces between it and the nucleus. Then the crust 
collapses by the thrusting of the arch tangenti- 
ally to the nucleus. 

As the writer understands the hypothesis, 
there is supposed to be an accumulation of the 
stress in the crust as the nucleus contracts with 
spaces left between. Then when the stress be- 
comes sufficiently great the crust collapses, with 
failure taking place in the weakest parts which 
are assumed to be where the crust has been 
weighted down by the sediments. But should 
these be the weakest places? Originally, the beds 
of the sediments were at sea-level; therefore, the 
sediments are an added strength to the crust be- 
neath. Under the contraction theory no crustal 
matter has been removed, it has simply been 
lowered. 

There seems to be a weakness in the theory, 
due to the fact that an inverted arch has its cur- 
vature reversed. (See Fig. No. 29.) Sedimentary 
areas have been pushed down to the extent of 
five or more miles in some cases. If a sedi- 
mentary area is two hundred miles across, the 
center before subsidence began would be ap- 
proximately 6000 feet above a straight line join- 
ing the edges of the area at the surface. After 
the center of the area had been depressed five 
miles by the weight of the sediments, and by any 
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contraction which may have occurred, it would 
be about four miles below a chord joining the 
edges of the sedimented zone. 
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Fic. 29.—This diagram illustrates the condition of the earth’s crust 
under an area of sedimentation. The normal surfaces of the crust 
are represented by the curved line ACB and A’C’B’. The vertical 
scale is 5 miles to the square, while the horizontal scale is 10 miles 
to the square. The surfaces at C and at C” are approximately one 
mile above the chords 4B and JA’B’. With several miles of sedi- 
ments the point C at the surface will be depressed to B and C’ to 
D’. In effect, we shall then have an inverted arch, with thick beds 
of sediments in the trough formed at the surface. According to the 
contraction theory, when the crust collapses the arch must be re- 
versed to form a mountain system. It would seem more probable 
that, if there were a collapse of the crust, the arch would be ex- 
tended downward rather than reversed. 


Therefore, in order to force up the crust 
under the sedimentary area by horizontal forces 
the resistance of a greater thickness than normal 
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would have to be overcome, and the arch would 
have to be reversed. 

When an engineering structure is placed in a 
testing machine an arch is never reversed by 
forces acting in the direction of the axis of the 
structur2, which may be a beam, column, plate, 
or arch. Any deviation from a line or plane is 
enlarged but not reversed. Should the collapsing 
crust fail at the sedimentary zone, there would 
be a pushing down of the existing inverted arch, 
and a folding over of the sides of sedimentary 
area; the result would be a central trough 
flanked by parallel ridges. This we do not find 
in a mountain system. 

If there have been voids between the nucleus 
and crustal shell during past geologic periods 
there must be some existing now. How does this 
idea conform to the seismological evidence? 
Surely no seismic waves could be transmitted 
through a void. The writer believes there is 
nothing in the seismologic records of observa- 
tions to indicate the presence of any dead spaces. 
No voids exist to-day, and this is strong evi- 
dence that none have existed in the past. 

Tidal evidence is strongly against the idea 
of voids. Should the crust be separated even a 
few feet from the nucleus there would be no 
ocean tides. The crustal shell would yield under 
the tide producing effects of the sun and moon. 
The water and land surfaces would move up and 
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down together, and no relative motion between 
them would be noticeable. 

The collapse hypothesis has been used to ex- 
plain the uplift of mountain systems. Great shor- 
tening of the circumference of the earth is sup-. 
posed to have occurred during the sedimentary 
age of the earth. The hypothesis must also ac- 
count, however, for the formation of geosyn- 
clines, graeben, and ocean troughs. Here stretch- 
ing is needed. 

Again we have block mountains with vertical 
fault planes, and great plateaus showing no ex- 
tensive distortion of strata. How could these 
have been formed by either horizontal stretching 
or contracting? 

In mountain areas the strata involved in the 
folding, warping, overthrusting, or under- 
thrusting are thin. A thickness of such strata as 
great as a mile is seldom found. How could such 
phenomena have been caused under the collapse 
hypothesis? It may be argued that the material 
of the crust below moved horizontally, and that 
the affected surface strata were wrinkled by the 
undertow, much as the cooling surface of a lava 
stream is distorted by the flowing lava beneath. 
But the lava causing the distortion at its surface 
is liquid or highly plastic. Can we assume the 
same for the crustal materials involved in the 
horizontal thrusting? If so, weak strata would 
be moving upward against gravity with only 
gravity working on it. 
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Again, how, under this hypothesis, can the 
presence of great granite peaks, the highest of all 
peaks, be explained. They must have moved 
upward, the up-moving masses acting in the up- 
lift as if they were at least somewhat plastic and 
lacking in rigidity. Could they have been pushed 
up against gravity by horizontally acting forces? 
This seems improbable. 

Geologists have devoted years of effort to 
account for the great surface changes by the 
collapse hypothesis, but recently students of the 
earth have appeared who claim that the earth, 
while losing heat, is not getting colder. Some 
of them even advance the idea that the earth is 
really getting hotter. They base their hypothesis 
on the development of heat in the materials of 
the earth from radio activity. Among the most 
active advocates of this hypothesis are Harold 
Jeffreys, John Joly, and Arthur Holmes. The 
collapse hypothesis thus has to meet opposition 
from a new direction. 

Aside from its apparent physical and engi- 
neering weaknesses the collapse hypothesis must 
meet the evidence supplied in the form of geo- 
detic and seismic data. The former indicate 
strongly, many believe conclusively, that the 
earth has a crust or shell extending to a moderate 
depth below sea-level which exerts uniform 
pressure on the subcrustal material. The latter 
indicate most conclusively that the outer shell 
of the earth is very weak. The horizontal and 
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vertical movements of surface material caused 
by an earthquake are exceedingly small even 
during the greatest or strongest quakes occurring 
under land areas. The measurements of earth 
movement caused by earthquakes at sea are difh- 
cult to make, and very few data regarding them 
are available. The greatest movement on land 
of which the writer is aware occurred at Yakutat 
Bay, Alaska, in 1900; it was 49 feet. 

The collapse theory calls for a strong and 
rigid crust, but how can the crust have these 
characteristics and isostasy be almost perfect 
wherever tested, and thousands of earthquakes 
occur yearly with small surface movements re- 
sulting from them? It would seem from the evi- 
dence that the crustal matter is weak and that it 
readily adjusts itself to very small stress differ- 
ences existing within itself, and in the upper por- 
tion of the subcrustal material. 

‘The principle of isostasy seems to require a 
very weak earth yielding to the gravitational 
forces exerted by comparatively small masses 
shifted from one place to another on the earth’s 
surface. On pages 104 to 108 is given the evidence 
to show that a disc of surface material 3,000 feet 
in thickness and having a radius of about 15 
miles does not entirely escape compensation. 
This is a small mass as compared with that of a 
bed of sediments deposited along the margin of 
an ocean or an inland sea, or as compared even 
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with the sedimentary matter forming the delta 
of a large river. The delta area of the Missis- 
SIpp1 is in approximate equilibrium. (See page 
89.) 

Mountain areas are in equilibrium, and this 
indicates that the crust under them is pushed 
up by sub-crustal material to restore the equilib- 
rium disturbed by denudation. This is a clear 
indication of crustal weakness. 

With such low strength in the crustal ma- 
terials, as the geodetic and seismic data indicate, 
there seems to be no possibility of the crust being 
able to carry thrusts emanating from great dis- 
tances. If under the collapse hypothesis the 
nucleus of the earth is shrinking and the crust is 
detached from it, the crust would collapse or 
yield locally under the gravitational force. This 
would result in a general thickening of the crust 
rather than a thickening along a supposed line 
of weakness. The crustal matter would remain 
constant in volume, while the diameter of the 
shell would be decreased, and the result of the 
adjustment of the crust to the receding nucleus 
would be that the crust would become thicker. 

We seem to be forced to the hypothesis that 
the great changes in the earth’s surface are due 
to locally generated forces. The movement of 
materials under these must be predominantly 
vertical, with horizontal movements as inciden- 
tal. There must of course be large horizontal 
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forces acting to restore the isostatic equilibrium 
disturbed by denudation and sedimentation, but 
they act within the subcrustal matter and not 
in the crust. 

If. the geodetic and seismic data lead us to 
conclude that the crust is weak, and that at least 
the major changes at the earth’s surface must be 
due to local and vertically acting forces, there 
should be geologic evidence of this. The writer 
believes much evidence could be and in fact has 
been found to support this idea. 

It seems to be impossible that any voids could 
exist more than a very few miles down from the 
earth’s surface. The experiences in deep quarries 
and in mines show that rock yields to stress dif- 
ferences resulting from the removal of mate- 
rials. Except for the porosity which may exist in 
rock a few miles down there is no space un- 
occupied by rock. 

‘There are many valleys, called graeben, which 
are clearly the result of vertical movement. In 
them there is no indication of movement caused 
by horizontal forces. The graeben. floors did not 
sink into voids, and their sinking probably was 
not due to excess weight of materials. It is prob- 
able that the cause of the sinking was contrac- 
tion of the crustal matter below with increase 
in density. The isostatic balance was not dis- 
turbed 

Then there are the ocean deeps or troughs 
close to and paralleling coasts of continents, or 
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the axes of chains of islands. These could not 
have been caused by compressive horizontal 
forces; nor could they have been due to tensional 
forces. Should there be regionally acting ten- 
sional forces the crust could not well be stretched 
and thinned locally. There probably would be a 
tearing apart of crustal matter along vertical or 
inclined planes leaving rifts into which nucleal 
matter would flow. Besides, should rifting occur 
from world wide tensional forces the rifts would 
extend for greater distances than are found in 
the ocean deeps, The rift once started would 
form a line of weakness which would be ex- 
tended indefinitely. The action would be similar 
to that where a tear is started in a piece of paper 
or cloth under tension. The ocean deeps have 
short axes of a few hundred miles, or at most a 
thousand. The ocean deeps must be caused by 
local vertical forces. 

In mountain regions there is abundant evi- 
dence of vertical movement. A noted example is 
the eastern escarpment of the Sierra Nevada 
mountains in California. The vertical movement 
there has been thousands of feet. Vertical and 
steeply inclined faults are plentiful in most up- 
lifted areas, and it would seem that they are 
caused by vertical or tensional horizontal forces. 

Dutton ’ several decades ago laid great stress 

2See “On some of the greater problems of physical geology,” 
Bulletin of the Washington Philosophical Society, Vol. XI, pp. 51-64. 


1892. This paper was reprinted in the Sept. 19th, 1925, number of 
the Journal of the Washington Academy of Science. 
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on the necessity of recognizing vertical forces as 
the cause of much of the surface movement. 

Barrell, a profound student of the earth, held 
to general isostasy as against local equilibrium. 
He advocated the idea that the earth’s crust is 
very strong and that horizontal forces of a re- 
gional nature predominated, but he stated that 
the western plateau of the United States, which 
was uplifted with little distortion of strata, must 
be due to vertical forces. 

The late Willis T. Lee was thoroughly con- 
vinced that local vertical forces caused the uplift 
of the Southern Rockies. Lee had spent many 
years in that region and was familiar with its 
geological features. In his paper entitled “Build- 
ing of the Southern Rockies” * delivered at the 
annual meeting of the Geological Society of 
America in December, 1922, Lee outlined the 
past sistory of the Southern Rockies area and de- 
scribed the present condition found there. 

A part of Lee’s conclusion reads: 

A search for the cause of the building of the Southern 
Rockies fails to reveal evidence of lateral thrust of 
sufficient magnitude to account for them by crustal 
shortening. Field observations indicate that they were 
formed by vertical uplift. Considering available sources 
of information, local forces acting within the crust be- 


neath these mountains seem competent to build them 
without calling on forces operating at a great distance. 


’See “The strength of the earth’s crust,” Journal of Geology, 
Vol. XXII, r91q. 


* Bulletin of the Geol. Soc. of Amer., June 30, 1923. 
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This is entirely in accord with the isostatic 
principle. 

Much has been written on the geology of the 
Southern Rockies, but most of the papers con- 
sider the uplift as the result of compressive 
stresses. It would require too much space here to 
give even an abstract of the literature.’ 

The well known planetesimal hypothesis of 
T. C. Chamberlin also calls for great crustal 
shortening and horizontal movements of surface 
material which result in great changes in eleva- 
tion of the earth surface. This hypothesis calls 
for a contraction of the earth from continuously 
acting gravitational forces, while the collapse 
hypothesis recognises the cooling of the nucleus 
without corresponding changes in the tempera- 
ture of the crust, as the primary cause of surface 
changes. 

Rollin T. Chamberlin has this to say in his 
article, “The Significance of the Framework of 
the Continents,’ Journal of Geology, Vol. 
XXXII, No. 7, Oct—Nov. 1924, pp. 550 and 


ssi. 

The time-honored theory of earth contraction due to 
cooling has failed to meet the requirements of the case 
in at least two important ways; (1) The amount of 
crustal shortening is greater than can have arisen from 

5 Brief articles on the Southern Rockies are: Rollin T. Chamber- 
lin, “The building of the Colorado Rockies,” Journal of Geology, 
Vol. XXVII, 1919; on the “Crustal Shortening of the Colorado 
Rockies,” Amer. Journal of Science, Vol. VI, 1923. Francis Parker 


Shepard, “Indications of Important Horizontal Compression in the 
Colorado Rockies,” Amer. Journal of Science, Vol. V, 1923. 
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the cooling down of a molten globe, even under the 
most favorable assumptions; and (2) During the 
Tertiary time alone the east-west Eurasian and the 
North-South American orogenies, besides minor crump- 
lings, testify to scores of miles of crustal shortening 
within that period of time, and yet we cannot say with 
certainty that there haS been any cooling of the interior 
of the earth during the Tertiary. The development of 
heat may have gone on as rapidly as it was lost. It 
may have even gone on more rapidly. Certainly there 
has not been enough cooling in the few millions of years 
involved to account for such shortening. But on the 
other hand, the planetesimal conception recognizing and 
requiring strong condensation by re-arrangement under 
compression in the interior, involves inevitably the 
mechanism for large scale earth shrinkage. The large 
crustal shortening demonstrated by the field data is 
thus natural and is given an adequate theoretical basis 
which it did not have before. 

As the re-arrangement in favor of greater density 
must go on throughout the globe, beneath both conti- 
nents and ocean basins, the shrinkage should be general, 
and the resulting circumferential compressive stresses 
must develop throughout the entire peripheral portion 
of the spheroid, though probably not reaching the same 
intensity everywhere. Strong tangential thrusting 
stresses would develop beneath both the continental and 
the oceanic areas. These are the ultimate forces con- 
cerned in megadiastrophism. 

In the shrinkage process the oceanic regions, being 
composed of denser material, naturally take the lead 
in sinking, as has been clearly stated in the textbooks. 
Though the sinking be general, the smaller and lighter 
continental areas would be pushed upward by the 
lateral crowding. These have been treated as segments, 
the suboceanic masses being the master segments and 
the continents as squeezed segments between oceanic 
segments, perhaps working on the wedge principle. 
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The writer does not feel competent to criticize 
or defend the planetesimal hypothesis, which 
gives an explanation as to the manner in which 
the earth was formed. But it seems to him that 
the above statement of Rollin IT. Chamberlin 
as to processes at work after the earth came into 
existence has two points of weakness. 

The first is the assumption that the earth con- 
tinuously shrinks under the. gravitational forces 
within its mass. The pressure on the matter a few 
hundred miles below the surface is of course 
enormous, and the pressure increases to the cen- 
ter. It does not seem to be possible, however, 
that there could have been any elastic deforma- 
tion or decrease in volume after the earth ac- 
quired its present mass in a solid condition. The 
elastic compression takes place very rapidly and 
lasts only until the elastic resistance balances the 
forces acting on the material. 

A metal tape subjected to a constant but 
small tension will continue to elongate, but the 
volume of the tape does not change. With the 
increase in length there is a decrease in cross- 
section.° 

Since the earth is under gravitational forces 
of like amount along all radu, the earth will not 
be distorted radially by them and increase its 
dimensions at right angles, and it would seem 


6C, E. Van Orstrand, Bulletin of the Geol. Soc. of America, 
June 30, 1923, pp. 304 and 305. 
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that the earth would not suffer continuous elastic 
compression after a very short time after its for- 
mation. 

Chamberlin speaks of the planetesimal con- 
ception requiring strong condensation by re- 
arrangement under compression in the interior; 
perhaps he has in mind some chemical or physi- 
cal re-arrangement of the material elements of 
the earth. But will a chemical or physical 
process continue for hundreds of millions of 
years where there are insignificant changes in 
gravity, if any, acting on the central mass? It is 
probable that the contraction from such proc- 
esses would have ceased soon after the earth’s 
formation. Of course this idea cannot be tested 
since there cannot be reproduced at the earth’s 
surface the enormous pressures which are ex- 
erted on the inner material of the earth. Besides 
geologic time intervals would be required. 

The other weak point in Chamberlin’s _ state- 
ment is that the continental and oceanic seg- 
ments tend to crush each other, and that the con- 
tinental ones being lighter in density and weaker 
give way with the great thrusting movements ob- 
served in uplifted areas. This idea does not fit in 
with an isostatic earth. In fact it is in opposition 
to the isostatic principle. 

The earth’s outer shell is not strong; it yields 
readily to shifting loads over its surface. There 
must be horizontal movement in subcrustal ma- 
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terials which apparently has little, if any, effect 
on the surface configuration except in so far as 
it lowers the crust under areas of sedimentation 
and raises the crust under areas of denudation. 
With subcrustal material so weak and plastic to 
long continued stresses it does not appear that it 
could act to crush the continental segments. 

The seismograph shows that from five to ten 
thousand earthquakes occur yearly. The geo- 
logic observations show that only small changes 
occur during any one earthquake. These lines of 
evidence prove that the earth’s crust is composed 
of very weak matter. The depths of earthquake 
foci have not been accurately determined, but 
the evidence so far put forward indicate that 
quakes do not have their origins deeper than 
about 60 miles below the earth’s surface. This 
is the derived depth of compensation. 

The forces postulated by Chamberlin would 
be dissipated in causing surface changes close to 
them, and would not be effective at horizontal 
distances of thousands, or even hundreds of 
miles. 


MOVEMENTS RESULTING FROM LATERAL 
THRUSTING 


The theory that a mountain system has been- 
caused by lateral thrusts originating from a dis- 
tance supposes a very anomalous condition. It 
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Fic. 30, The full oval represents a mountain area previously an 
area subjected to heavy sedimentation. Assume that the width of 
the mountain area is approximately 200 miles and that the length 
of the system is approximately 1ooo miles. Let it be assumed that 
the full straight lines were marked on the earth’s surface, parallel 
to the mountain system, before the uplift occurred. According to 
the contraction hypothesis, there would be a movement towards the 
sedimentary region which would form a mountain system, shorten- 
ing the distance across the sedimentary area. In order that this 
might occur, each of the lines which was straight before the uplift 
began would, after the uplift, be curved. This would imply weak- 
ness on the part of the material carrying the thrust; besides, the 
material to the sides of the mountain system would be. expanded 
or stretched, rather than compressed. Material that is strong 
enough and rigid enough to carry great horizontal thrusts cannot 
be so weak as to be distorted in all of its elements while carrying 
the thrusts. 
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implies that the earth’s crust is competent to 
carry thrusts that would squeeze up mountains 
and plateaus, and at the same time that it is so 
weak that it can undergo the distortion incident 
to the movement causing the uplift. To be con- 
crete, the Appalachian system is supposed by 
many to occupy an area that is many miles nar- 
rower than the area occupied by the material 
before the uplift began. Let us assume that the 
amount of contraction is 20 miles. If the regional 
horizontal theory is correct, this means that some 
of the material in the areas beyond moved 
toward the mountain area as much as ten miles 
or one-half of the shortening of the base of the 
mountains, assuming that movement occurred 
from both sides. If we should consider a number 
of imaginary straight lines a few miles apart, 
parallel to the axis of the mountains, to have been 
drawn on the earth’s surface before the move- 
ment began, then each of these lines would be- 
come bowed during the mountain formation to 
the extent of making the centers of at least the 
near. ones 10 miles distant from the positions 
occupied originally. (See Fig. 30.) 

This, it seems, is an inconceivable situation be- 
cause no structure that is so weak as to be dis- 
torted to this extent could possibly transmit the 
stresses necessary to hoist the mountains. But 
there are other anomalous elements in the 
theory. A mountain system is of limited extent, 
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and seldom is the axis of the system more than 
2000 miles in length. This distance is about one- 
twelfth of the earth’s circumference. 

If one were to cut out a segment from a hol- 
low rubber ball (the segment lying between two 
circles drawn through opposite points) it would 
not be difficult to press the edges of the segment 
together. But suppose an oval shaped piece of 
the ball were removed, and that the length of 
the piece were about one-twelfth of the circum- 
ference, the closing of this vacant place would 
have to be by pulling the edges together, and 
there would be much distortion of the ball in 
doing so. 

Now suppose we should try to close the twenty 
mile strip, representing the shortening of the 
width of the Appalachians—would we not have 
to pull the edges together? The crust, considered 
competent by the advocates of the collapse 
theory, would present a solid and unbroken 
front, and therefore it could not be restricted in 
its action to a distance along its front of one or 
two thousands of miles. The earth being spheri- 
cal it should move farther at the center than at 
the ends of the space to be closed. If the crust 
moved forward as a strong unyielding engineer- 
ing structure, it would have to be sheared from 
the unaffected crust at the sides. 

If the space is closed by thrust from rigid 
crustal material then there must be some void 
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behind the moving material or we run into the 
difficulty of having to shorten the circumference 
of the earth 20 miles at right angles to the axis 
of the uplifted region with the rest of the sur- 
face of the earth unaffected. But the advocates 
of the hypothesis may advance the idea that 
many mountain systems are being upraised at the 
same time. This would not help matters, for the 
crust would have to undergo many local distor- 
tions and this could not occur unless the crustal 
material is weak. The crust must be strong or 
weak; if strong, it cannot be distorted to the ex- 
tent necessary to close by thrust a space 20 miles 
in width and 2000 miles in length. If weak it 
cannot force up mountain systems against 
gravity, and if the nucleus were shrinking away 
from it, it would collapse locally, merely result- 
ing in increasing its thickness. 


ANALYSIS OF THE AIRY IDEA OF ISOSTASY 


There are three rather distinct isostatic ideas; 
the one originated by Airy, now well known as 
the “Roots of Mountains Theory”; the one by 
Pratt which postulates a crust having densities 
varying horizontally; and the one by Wegener, 
which postulates that the crustal material is only 
present under continents and islands. The Pratt 
idea is the one having the greatest number of 
supporters. It is the isostasy of Dutton, Hayford, 
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Burrard, Reid, and the writer. It is the one used 
in deflection of the vertical investigations in the 
United States and in India, and in gravity studies 
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Fic. 31.—For the Airy hypothesis of isostasy, the level surface 
which is also one of uniform pressure, is at the lowest point to 
which crustal material extends. The crust within which the com- 
pensating deficiencies of density exist is supposed to be thicker under 
continents than under oceans. The diagram shows the relation of 
level surfaces and surfaces of uniform pressure. As in the Pratt 
hypothesis of isostasy, level surfaces below the one that is at the 
lower limit of the crust will also be surfaces of uniform pressure. 


in many areas. Heiskanen has made gravity re- 
ductions by the Airy theory, but he has not ex- 
pressed himself as favoring that one over the 
Pratt theory. (See Fig. 31.) For the relation of 
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level surfaces and surfaces of equal pressure for 
the Pratt isostasy, see Fig. 3, page 9. 

While isostasy has been proved, and may now 
be accepted as a principle, yet the manner in 
which the compensation is distributed is not 
known, and, therefore, any system involving this 
phase of the subject must still be considered a 
theory. We, therefore, may speak of the Pratt 
theory or the Airy theory of Isostasy, without 
implying any doubt as to the fact of isostasy. 

In a paper presented in 1855 at a meeting of 
the Royal Society of London, Airy said: 

I conceive that there can be no other support [for an 
elevated tableland] than that arising from the down- 
ward projection of the earth’s light crust into the dense 
lava; the horizontal extent of that projection corre- 
sponding rudely with the horizontal extent of the 
tableland, and the depth of its projection downwards 
being such that the increased power of flotation thus 


gained is roughly equal to the increase of weight above 
from the prominence of the tableland.” 


The isostasy of Airy calls for a weak yielding 
subcrustal material but probably not weaker 
than is required for the Pratt isostasy. Any 
theory regarding isostasy must provide for a 
subcrustal base of low rigidity to stresses acting 
for a long time. 

The Pratt isostasy may be tested by using the 
printed reports on the isostatic reductions of de- 
flections of the vertical and values of gravity. No 
such data are available with which to test the 
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Airy isostasy, but it is possible to make an anal- 
ysis of this theory which will throw some light 
on it. 

If two icebergs floating in the ocean have dif- 
ferent masses exposed we are correct in assuming 
that the one with the greatest mass above water 
has the greater mass below. If the exposed 
masses were in the ratio of two to one, this ratio 
would represent the relation of the submerged 
masses. 

This principle may be used in testing the 
Wegener hypothesis of floating and drifting con- 
tinents, for the matter under the oceans is 
assumed by him to act almost like a liquid with 
continental and island masses bearing a strong 
analogy to the iceberg. The iceberg analogy can- 
not be used without modification to test the Airy 
theory, for it supposes crustal material under 
oceans as well as under continents. 

According to the Airy theory, there should not 
be horizontal variation of densities in the crustal 
material. The portions of the crust having nor- 
mal thickness however may be.assumed to be 
composed of layers of different densities, the 
density presumably increasing with depth. 

The best value for the depth to which the 
isostatic compensation extends under the area of 
the United States, as derived from gravity data 
in mountain regions, is 95 kilometers; the value 
from deflection data also in mountainous regions 
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is 97 kilometers. The mean of these 96 kilometers 
(60 miles) is believed to be the best derived 
value. 

The average elevation for the mountain areas 
of the United States as derived from the data 
given in the table on page 66, of Special Publi- 
cation No. 4O, is 1230 meters (4030 feet, or 0.75 
mile). These data consist of the elevations of the 
gravity stations and the differences between those 
elevations and the average elevation of the re- 
gions within 100 miles of the several stations. 
The average elevation of the United States is 
about 2500 feet; therefore, the mountain areas 
used in deriving the depth of compensation of 
60 miles is 1500 feet (about 0.3 mile) above the 
general level. 

In order to compute the thickness of the crust 
under different elevations according to the Airy 
theory, assumptions must be made as to the aver- 
age density of the crustal and upper subcrustal 
matter. We have no data to work on so the con- 
clusions may have little weight. Let us assume, 
however, that the material above sea-level has a 
density of 2.70, that of the crust a density of 3.00, 
and that of the upper subcrust a density of 3.15. 

The mass of a unit column under the moun- 
tain areas of the United States may then be rep- 
resented by the following equation: 0.75 < 2.70 
BI=60.0 < 3,.00==182.0, 

The mass for the average unit prism for the 
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whole country down to a depth below sea-level 
of 60 miles must be the same as under the moun- 
tains. We then have the equation: 


0.50 X 2.70 + X X 3.15 + (60—X) 3.00= 182.0 


and X (the thickness of subcrustal matter) 4.3 
miles. The crust is therefore 55.7 miles thick as 
an average for the whole United States. 

For a unit prism at sea-level the equation 
would be: 


X X 3.15 -+ (60—X) 3.00 182.0, from which 
A==12% miles» The crust in this case 2g 0n 
miles in thickness. 


Let us assume that the prisms of the crust at 
sea-level have the normal length of 46.7 miles; 
then the average length of the roots for the 
mountain areas of the United States will be 13.3 
miles. The mass in the unit prism at sea-level 
may be represented by 3.00 46.7—140.1. 

The crust under a water area must be thinner 
than under the sea-level areas. For a unit prism 
under one mile of water, we have the equation: 


IX 1.03-+X X 3.15-+ (45.7—X) 3.00==140.1 

The density of sea water is 1.03 and X repre- 
sents the thickness of subcrustal matter above the 
46.7 mile depth. The solution of this equation 
makes X equal to 13.1 miles. The crust, there- 
fore, is 32.6 miles in thickness and it extends 33.6 
miles below sea-level. 
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By the same method it will be found that the 
thicknesses of crust under depths of water of 2 
and 3 miles are, respectively, 18.4 and 4.3 miles. 
For greater depths there would be no material 
whatever of the average crustal density of 3.00. 
Therefore, there could be no equality of pres- 
sure, with the assumed densities, between a prism 
of the crust at the coast and a prism under more 
than three and a fraction miles of water. 

In order to compute the length of the root of 
a mountain prism we have the simple equation: 
2.70h=0.15Y in which fA represents the eleva- 
tion of the prism above sea level and Y, the 
length of the root. The constant 2.70 is the den- 
sity of matter above sea level, while 0.15 is the 
assumed difference between crustal and upper 
subcrustal densities. 

For elevations of 1, 2, 3, 4 and 5 miles, the 
lengths of roots extending below the 46.7 mile 
epi -are respectively, 16, 36, 64, 72 .and-o0 
miles. These values added to the 46.7 miles give 
thicknesses of crust of 64.7, 82.7, 100.7, 118.7 and 
136.7 miles. 

Should the average densities of the crust and 
of the upper subcrust be 3.00 and 3.30, respec- 
tively, then the thickness of the crust under the 
coast will be 53.3 miles. 

For heights of mountains of I, 2, 3, 4, and 
5 miles the roots would be 9g, 18, 27, 36 and 45 
miles, respectively. The thicknesses of the crust 
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under these elevations would be 62.3, 71.3, 80.3, 
89.3 and 98.3 miles. 

Under depths of 1, 2, 3, 4 and 5 miles of water 
the thickness of the crust will be 45.7, 38.2, 30.6, 
23.0 and 15.5 miles, respectively. 

It would appear from the above calculations 
of thicknesses of crust under different elevations 
of land areas, and different depths of water, that 
the difference between the crustal and upper sub- 
crustal densities would have to be nearer 0.30 
than 0.15. But can there be so great a difference 
in density in the crustal and the subcrustal 
matter? 

For an elevation of 5 miles the root is 45 miles 
in length, for a difference in density of 0.30. It 
would seem, however, that the lower part of the 
crustal matter would form the root. On the 
assumption that the average crustal density is 
0.30 less than that of the upper subcrust, it is 
reasonable to conclude that the difference in 
density of the root formed of lower crustal ma- 
terial and the surrounding subcrustal material is 
less than 0.30. There is probably no sharp break 
in density at a depth of from 50 to 60 miles 
below sea level and if there is not, then the com- 
puted lengths of roots given above are too small. 
Also the thicknesses of the crust under the oceans 
are too great as computed. 

The evidence furnished by the density tests 
seems to be against the Airy theory. But there 
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is another line along which the Airy theory may 
be tested. This involves the mechanics of the 
problems presented by earth movements. The 
roots of mountains of the Airy theory have been 
formed by regionally acting horizontal forces 
which have crushed or squeezed the crustal 
matter under zones of sedimentation. The 
collapse of the crust is supposed to have pro- 
duced both the mountains and their roots. 

It is shown above that the thickness of the 
crust under the coastal plains must be about 50 
miles, since the thickness under mountain areas 
is about 60 miles. Is it possible that a regional 
horizontal thrust can be carried through the 
very thin crust under the deep parts of the 
ocean and crush thicker crust under the coasts? 
This does not seem reasonable. The weakest 
zones should be where the crust is thinnest 
under the deepest part of the oceans. 

In order that the roots may be formed, the 
crustal matter under the sedimentary zones must 
be very weak. The material must be so plastic 
that it can be thickened by squeezing. Under this 
condition the subcrustal matter must be far 
weaker than the crustal matter in order that the 
latter may penetrate subcrustal space. This calls 
for a very weak earth both crustal and nucleal, 
for equilibrium must be restored after the for- 
mation of the roots of a mountain system by a 
distortion of the whole globe. There is no spe- 
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cific local space into which the displaced sub- 
crustal matter may go. 
But if the crustal matter is weak enough to be 
depressed into subcrustal space, and the sub- 
’ crustal matter is so weak as to be pushed aside, 
there will be little or no strength in the roots. 


Fic. 32.—A rubber ball, fitted into a hemispherical shell SSS, and 
then pushed down into a basin of mercury, will undergo distortion 
of the portion submerged. There will be a tendency for any mass 
of material to be distorted that is pushed down into a heavier ma- 
terial that is liquid or plastic. Material of the earth’s crust which 
may be pushed down into subcrustal space will be subjected to 
forces which tend to flatten out the projecting material. There 
would be a tendency for the roots of mountains, required by the 
Airy isostasy, to be flattened out by the subcrustal matter. 


They will be subjected to great gravitational 
stresses equivalent to the difference in mass of a 
unit prism of the root and a unit prism of the 


subcrustal matter, both having the same length. 
(See Fig, 32.) 
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For two prisms of the earth’s crust the differ- 
ence in their lengths bears a definite relation to 
the difference in their surface elevations. If these 
elevations should differ four miles, the higher 
prism will extend into subcrustal space farther 
than the other prism an amount sufficient to bal- 
ance four miles of surface materials. The up- 
ward pressure of the subcrustal matter on the 
lower end of the root will be equivalent to the 
weight of four miles of rock of surface density. 
‘This pressure seems to be more than the crustal 
root can withstand, and besides it must be more 
than the postulated horizontal force which 
formed the roots. The effect of the upward 
hydrostatic pressure would be to flatten out or 
mushroom the root. When this was accomplished 
the mountain system above would also dis- 
appear. 

We have strong evidence, in the form of 
gravity anomalies, to show that the earth’s crust 
cannot support, unbalanced by compensation, a 
disk of surface material 3000 feet in thickness 
and 30 miles in diameter. (See p. 104.) The 
crustal material is weak and cannot withstand 
a pressure of one or more miles of hydrostatic 
pressure exerted by subcrustal material. The 
expression “hydrostatic pressure” is here used 
in its broadest sense as applying to liquid or 
plastic matter of any kind. It implies the pres- 
ence of water, hence some other expression 
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should be used in speaking of the crustal and 
subcrustal matter, but what other suitable ex- 
pression is there? The writer knows of none, 
and besides the meaning to be conveyed to the 
meaderis: cleat 

Former mountain areas have been _base- 
leveled, and it is certain that the crust beneath 
has continued in isostatic equilibrium during the 
process. At the time the mountains disappeared, 
the thickness of the crust must have been normal 
in thickness, the thickness for sea-level prisms. 
The roots of the mountains will also have dis- 
appeared. If there has been no change in density 
of crustal matter during the erosion period, then 
an amount of material at least equal in thickness 
to the length of the root must have been worn 
away. Under any reasonable assumptions as to 
densities, the roots under the Himalayan Moun- 
tains must be of the order of length of from 4o 
to 60 miles. If such an amount of material were 
eroded from that system no sedimentary material 
would be left when base-leveling had been com- 
pleted. No such condition has been observed in 
a region, formerly occupied by a mountain sys- 
tem, which had been base leveled and subse- 
quently elevated. 

It may be argued by the advocates of the Airy 
theory that the Pratt theory presents similar 
difficulties. This is only partly true, for the dif- 
ference between surface and subcrustal density 
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is much greater than that between the lower 
crustal and the upper subcrustal densities. Under 
the Pratt theory the amount of erosion needed 
to base level a mountain area is not so great as 
that required by the Airy theory. 

Aiter an area has been base-leveled andea 
geosyncline formed, sedimentation of the area 
begins. But sedimentation cannot continue in 
shallow water for a long period, unless there is 
a sinking of the surface which is independent of 
the weight of the sediments. The writer has seen 
no statement describing the process by which an 
area at or near sea-level is lowered under the 
Airy theory. It would seem that there must be 
a stretching of the crust with a thinning of those 
portions which had previously been thickest. 
This may not be the explanation given by advo- 
cates of the theory, but a reasonable explanation 
should be advanced by them. 

The ocean deeps seem hard to explain by the 
Airy theory. The crust under the oceans is only 
about one half as thick, on an average, as the 
crust under the continents, but the ocean crust 
by this theory must be stronger than the crust 
under the sedimentary areas, for it must transmit 
horizontal thrusts to form mountain systems and 
their roots along the margins of the oceans and 
of inland seas. 

These thrusts must be transmitted through the 
enusteuider, ocean deeps, for each deep is 
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parallel to, and comparatively near, a mountain 
system close to the margin of a continent, or a 
chain of islands. But the crust under the deeps 
must be exceedingly thin, and as the theory calls 
for subcrustal matter incapable of carrying hori- 
zontal thrusts, the thrusting must be done by this 
thin crustal matter. 

If the deeps along the Japanese and Philip- 
pine Islands existed prior to the uplift of those 
masses, it does not seem possible that the thrusts 
could have been carried by the crust under those 
deeps. This applies also to the deeps paralleling 
the west coasts of Mexico and South America. 
If the deeps were formed later than the uplift of 
the islands and mountains they must have been 
due to stretching and thinning of the crust and 
they must have been formed above zones of 
crustal weakness. But how could they have be- 
come zones of weakness when they were zones 
of strength during the uplift of contiguous 
zones? 

In addition to the weaknesses of the Airy or 
Roots theory set forth above, it has all or nearly 
all the weaknesses of the old contraction and 
collapse hypothesis. The only point in favor of 
the former over the latter is that it does not 
violate the principle of isostasy. 

The writer is convinced that the Airy theory 
is untenable. In this book he has assumed that 
the Pratt theory of isostasy is the only one so far 
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advanced that is sound and his conclusions, 
therefore, are based on it. 


EFFECTS OF IsosTASY ADJUSTMENT ON CRUSTAL 
"TEMPERATURES 


To interpret properly the earth movements at 
and near the surface, we should know the tem- 
perature at various depths, and at least down to 
a depth of a number of kilometers. But this 
knowledge is denied us, and it may never be dis- 
closed. Speculation and hypothesis can be used 
to furnish some idea of the temperatures, but at 
best the lines of attack will be indirect and noth- 
ing definite and accurate can be learned. 

We have an abundance of evidence as to the 
temperature gradients for the first half mile 
below the surface and much data for the second 
half mile. There is little known about the tem- 
perature gradient below that, for the deepest 
hole drilled into the earth is only about one and 
one-half miles (near Fairmont, West Virginia). 

N. H. Darton presented the available thermal 
gradient data for the United States in Bulletin 
701 of the U. S. Geological Survey, which ap- 
peared in 1920. A fair estimate of the gradient, 
as derived from observed temperatures in mine 
sliatts and borings, is so° C. (90° F.) per-mile. 
But this value is only approximate as may be 
seen by an inspection of Darton’s report. The 
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increase with depth varies from 1° F. for a very 
few feet, to 1° F. for more than 200 feet. 

The maintenance of the isostatic condition of 
the earth’s crust seems to require changes in the 
density of the crustal material. Under mountains 
there has been a decrease in density and under 
geosynclines there has been an increase. It would 
seem that these changes have resulted from de- 
cided changes in temperature. There may have 
been some other cause but no adequate one has 
been suggested. The change in the resisting 
qualities as the depth of about 60 miles below 
sea level is passed may be due to the increased 
pressure or to a difference in the composition of 
the material; but it is the opinion of the writer 
that the change in the resistance is probably 
caused by a combination of pressure and tem- 
perature conditions. 

Few geologists today question the sinking of 
the crust under a sedimentary area. As a result 
of the sinking each unit mass of crustal material 
goes down an amount approximately equal to the 
depth of sediment above. If the temperature in- 
creases with the depth throughout the crust and 
in the subcrustal material there would be a 
source of heat to raise the temperature of the 
crustal materials. ‘To raise the temperature to 
the extent that would seem to be necessary to 
make the crust expand and elevate the surface 
into mountains or a plateau, the temperature just 
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below the crust must be very great. If the 
gradient for the first mile is maintained through- 
out the 60 mile crust the temperature at the 
bottom of the crust would be about 3000° C. 
This temperature would fuse any known rock 
under surface pressure, but the crustal pressure 
is sufficient to keep solid the material 60 miles 
down. 

In the process which keeps the crust in isos- 
tatic equilibrium under an area of erosion the 
deep crustal matter is brought towards the sur- 
face, and in this case it would seem there must 
be a loss of heat at the upper surface and to the 
sides of the uplifted material which would 
finally cause the crust to shrink and form a 
geosyncline. 

In both the processes of uplift, one under sedi- 
mentary areas by expansion of the crust, and the 
other under erosion areas without expansion, 
there must be a heavy drain on the supply of 
heat in the subcrustal material. 

If the sedimentary age of the earth is about 
I,500,000,000 years, and if the rate of erosion 
has been the same during that time there must 
have been much up and down movement of the 
crust under and close to continental areas. 

The present rate of erosion over the area of 
the United States as determined by river gaug- 
ing and analyses of river waters by the U. S. 
Geological Survey is an average one foot in 
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9,000 years. At this rate one mile would be re- 
moved in about 45,000,000 years. If the mainte- 
nance of the isostatic equilibrium had kept 
North America above sea-level throughout the 
sedimentary age, about thirty miles of rock 
would have been carried to the oceans, at the 
present rate of erosion. (See p. 185.) 

There is abundant evidence, however, that the 
continental areas have at times been below sea- 
level. Therefore, the erosion for any selected 
portion of the United States has not been con- 
tinuous, but even if the area had been above 
sea-level only one half of the time of the sedi- 
mentary age, the erosion from it would have 
been enormous. 

In this process the earth might have lost an 
amount of heat equivalent to about 700° C. 
throughout the 60-mile crust. The surface tem- 
perature at the beginning of the sedimentary age 
was certainly within 100° C. of what it is now. 
As the exposed surface was eroded the crust be- 
neath received subcrustal matter to counter- 
balance the loss at the surface. The uprising 
crust cooled down to normal, then shrunk and 
took on new sediments at the surface. It sank 
down to hotter regions, became heated to nor- 
mal, rose up by the expansion, and then under- 
went another period of erosion with uplift by 
isostatic adjustment, and so on. This process will 
continue as long as rain falls and causes erosion 
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and sedimentation. Possibly the loss of 700° C., 
mentioned above, may be too high a figure but 
at least the loss must have been several hundred 
degrees centigrade. 

If the subcrustal material under areas subject 
to erosion and sedimentation is losing such enor- 
mous quantities of heat, is it not probable that 
this subcrustal material just below the crust is 
colder under these areas than below areas not 
subjected to the alternate erosion and sedimenta- 
tion? It would seem so. The average tempera- 
ture of the rock at the bottom of the ocean is not 
many degrees lower than that of the land sur- 
face, possibly from 10° to 20° C. The ocean 
waters probably do not conduct heat from the 
earth any more rapidly than the air. If they do 
not then it would seem that, for any given depth 
not far below the crust, the temperature under 
the oceans should be greater than under the 
continents. 

But we have another factor to consider; most 
of the isostatic adjustment involving movement 
horizontally of sub-crustal material occurs and 
has occurred from the margins of the oceans 
where most of the sediments are deposited 
towards the continents from which the sediments 
were derived. There is also a movement from 
under the inland seas toward the lands surround- 
ing them. Have these movements created heat, 
and if so, has the amount been equal to that lost 
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at the surface during the processes which have 
caused the ups and downs of the land areas? This 
is a question which does not seem to be suscep- 
tible to a definite answer. 

If there has not been an increase of heat under 
the changing areas then with a greater heat 
under the oceans it would seem that the depth 
of compensation, if dependent upon heat and 
pressure only, should be somewhat less under the 
oceans than under the continents. 

After a consideration of the question of the 
temperature throughout the crust and in the sub- 
crustal material we are still in the dark. All we 
can do is to speculate and advance hypotheses, 
and to this there is no limit. Investigators are 
now advancing the hypothesis that the disinte- 
gration of the radioactive elements of the crust 
can supply all the heat necessary to offset the loss 
from the sub-aérial and sub-aqueous surfaces.’ 
This is an interesting idea and may have much 
merit. 

How the earth became superheated and what 
keeps up the supply are interesting problems, 
and their solution would throw much light on 
the past geological history of the crust of the 
earth, and its present condition. The heat of the 
earth is no doubt connected with the way in 
which the earth was formed. Discussion of the 

7L. H. Adams, “Temperatures at moderate depths within the 


earth.” Journal of the Washington Academy of Sciences, Vol. 14, 
No. 20; Dec. 4th, 1924. 
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hypotheses advanced to account for the earth’s 
formation would require more space than avail- 
able to us, and besides they are set forth in detail 
in easily available works. For many years the 
hypothesis of Laplace held sway, but it is now 
being replaced by hypotheses formulated by T. 
Se hamberlin, Harold Jeffreys, and: J: 1: 
Jeans. 

Whatever the source of internal heat, it is 
not due to continuous contraction or to pres- 
sure on the earth’s center by overlying matter. 
The elastic compression occurs suddenly and 
then ceases; or at least this is the case with ma- 
terials under pressures with which we deal in 
our various human activities. If unconfined, a 
body subjected to continuous pressure, approach- 
_ ing the elastic limit of the material composing 
the body, will undergo continuous non-elastic 
distortion but not additional decrease of volume. 
I think we must eliminate gravitation as a means 
of furnishing a continuous supply of heat to the 
earth’s interior. 


SOME GEOLOGICAL LITERATURE IN WHICH 
ISOSTASY IS CONSIDERED 


A number of papers have appeared in which 
the authors have applied the principle of isostasy 
to geology. The most notable of these is the one 
by C. E. Dutton, “On Some of the Greater Prob- 
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lems of Physical Geology,” Bulletin of the 
Washington Philosophical Society, No. 11, 1889. 
This paper was reprinted in the Journal of the 
Washington Academy of Sciences, September 
19, 1925. Other important papers which are 
worthy of careful study are: G. K. Gilbert, 
“Interpretation of the Anomalies of Gravity,” 
U. S. Geological Survey, Professional Paper 
No. &5, C, Joseph Barrell, ‘““The Strength of the 
Earth’s Crust,” a series of articles appearing in 
Vols. 22 and 23, Journal of Geology, S. G. Bur- 
rard, “The Origin of the Himalayan Moun- 
tains,” Survey of India, Professional Paper No. 
I2, 1912; R. A. Daly, “Oscillations of level in 
the Belts Peripheral to the Pleistocene Ice- 
caps,” Bulletin of the Geological Society of 
Ametica, Vol. 31, 1920; A. Cy saeco 
“Tsostasy,” University of California Chronicle, 
October, 1924, also “The Geological Implica- 
tions of the Doctrine of Isostasy,” Bulletin of the 
National Research Council, Washington, D. C., 
Vol. 8, No. 46, 1924; L. H. Adams, “Tempera- 
tures at Moderate Depths within the Earth,” 
Journal of the Washington Academy of Science 
Vol. 14, No. 20, 1924; A. Born, “TIsostasie und 
Schweremessung,” Julius Springer, Berlin, 1923, 
(an excellent review of this book by C. R. Long- 
well, is given in the Geographic Review, Jan., 
1925); James H. Gardner, “Rock Distortion on 
Local Structures in the Oil Fields of Okla- 
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homa,” Bulletin of the American Association of 
Petroleum Geologists, Vol. No. 3; Harold 
Jeffreys, “The earth, its Origin, History and 
Physical Constitution,” University Press, Cam- 
bridge, England, 1924; John Joly,“ Surface His- 
tory of the Earth,’ The Clarendon Press, Ox- 
ford, England, 1925; C. G. S. Sandberg, “‘Geo- 
dynamische Probleme,” Verlag von Gebriider — 
Borntraeger, Berlin, Germany, 1924; C. K. 
Leith, “Structural Geology,” Henry Holt & Co., 
New York, 1923; Fridtjof Nansen, “The Strand- 
flat and Isostasy,” I Kommission Hos Jacob 
Dybwad, Christiana, Norway; Willis T. Lee 
“Building of the Southern Rocky Mountains,” 
Bulletin Geological Society of America, 1923; 
Stephen Taber, “The Active Fault Zones of the 
Greater Antilles,’ Report of the International 
Geologic Congress, 1922; H. F. Reid, “Isostasy 
and Mountain Ranges,” American Philosoph- 
iateoociety, Proc. Vol, so, ro113.C. E. Van 
Ostrand, “Some Evidence on the Variation of 
Temperature with Geologic Structure in Cali- 
fornia and Wyoming Oil Districts,” Economic 
Geology, Vol. 21, No. 2, 1926. 

Two books by T. Mellard Reade contain a 
wealth of valuable material, though the author 
cannot strictly be classed as an advocate of 
isostasy. They are: “The Origin of Mountain 
Ranges,” 1886, and the “Evolution of Earth 
Structure,” 1903. 
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The reader is referred to the short list of 
papers bearing on isostasy in Spectal Publica- 
tion No. 40, of the U. S. Coast and Geodetic 
Survey, and the large bibliography by Adolph 
Knopf, which appeared in 1924 as a bulletin of 
the National Research Council, Washington. 


CHAPTER IX 


PROPOSED THEORY, IN HARMONY 
WITH ISOSTASY, TO-ACCOUNT FOR 
MAJOR CHANGES IN THE ELE- 
VATION OF THE EARTH’S 
SURFACE* 


IN geological research we are confronted with 
the problem of accounting for the uplift and 
down-warping of the surface of the earth with- 
out the permanent addition or subtraction of 
pressure on the subcrustal base below the affected 
areas. This accounting is required if the isostatic 
balance has always existed. The isostatic idea is 
opposed to the contraction theory as the cause 
of the major vertical movements of the earth’s 
surface. The “roots of mountains,’ or Airy, 
theory of isostasy has so many weak points that 
it seems to be untenable. It was an attempt to 
harmonize the isostatic condition of the earth’s 
crust and the contraction theory. The roots 
theory was a compromise and it served a good 

1The contents of this chapter, slightly modified, appeared in 
Gerland’s “Beitrage zur Geophysik,”’ Bd. XV, Heft 2, 1926, under 


the same title. 
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purpose for a time. It enabled the advocates of 
contraction to accept the proof of isostasy with- 
out having to abandon the contraction theory, 
which had been so strongly entrenched before 
the quantitative tests of isostasy were made. 

We cannot rest with the theory of isostasy 
proved. We must search for the cause of uplift 
and subsidence which occur without a change in 
the masses of the blocks of the crust below the 
areas undergoing the changes of elevation. By the 
process of elimination we seem to be left with 
the theory that the changes in surface elevations 
are due to changes in density of the crustal 
matter below the affected areas. But how can 
such changes occur and what causes them? 

It is well known to the petrologist that sub- 
stances of the same chemical composition, quan- 
titatively and qualitatively, have different volu- 
metric densities. Probably the most notable ex- 
ample of this is the diamond and graphite. They 
are each pure carbon, but their densities are re- 
spectively 3.1 and 2.5. They no doubt owe their 
different qualities and appearance to the differ- 
ent pressures, temperatures, and possibly other 
conditions, under which they were formed. Since 
the earth’s crust has been found to be of the 
order of 60 miles in thickness, a change in den- 
sity of less than 2 per cent is necessary to change 
the elevation of the surface by one mile. 
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TEMPERATURE VARIATIONS IN CRUST 


There must be a large change in the tempera- 
ture of the crustal material under an area which 
has been subjected to great amounts of erosion 
or sedimentation. As material is eroded from the 
surface of one area and is deposited in another, 
the former is subjected to uplift and the latter 
to subsidence in order that the isostatic balance 
may be restored. The uprising crust is forced 
into colder spaces while the crustal matter which 
sinks under the sediments is forced into spaces 
which normally have higher temperatures. 

Suppose the temperature gradient found for 
the first mile of the earth obtains throughout the 
60 miles of the crust. This gradient varies greatly 
from place to place near the surface, but the 
average is about 50 degrees centigrade per mile. 
If the erosion from a certain area has been 5 
miles, and this is not an excessive amount, the 
difference in the temperature of the space for- 
merly occupied by the affected matter and of the 
space it now occupies is of the order of magni- 
tude of 250° C. The new location is lower in 
temperature than the former one by that amount. 
Again suppose there had been a sinking of 5 
miles under sediment in some other area. In this 
case the crustal matter will have moved to spaces 
whose normal temperatures are 250° C. hotter 
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than the locations formerly occupied. This ap- 
plies not only to the material which had been at 
the surface but to the material throughout the 
whole length of the block of the crust that is in- 
volved in the movement downward. Of course 
we have no direct evidence that the temperature 
gradient is the same throughout the crust, but 
with so little evidence to work with we must 
make some assumptions in order that any prog- 
ress may be made in attacking, the problem of 
unravelling geological history. It goes without 
saying that any assumptions made should be 
reasonable ones. 

Let us assume that the geoisotherms, or sur- 
faces of equal temperature (see Fig. 33), are 
parallel to the generalized surfaces of the con- 
tinents for a depth of about ten miles, and that 
for the remainder of the crust these surfaces are 
parallel to the sea-level surface. This is a pure 
assumption for it is impossible to get any evi- 
dence as to just how the geoisotherms are spaced 
with depth under continents and oceans. But to 
be able to speculate on what happens when the 
crust of the earth is depressed or elevated some 
assumptions must be made as to the temperature 
gradients. 

With a change in temperature of 250° C. ina 
6o-mile column of rock having a thermal co- 
efficient of linear expansion of 0.000012, which 
is that of marble and probably about that of the 
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igneous rocks composing the earth’s crust, the 
change in length due to the cubical expansion 
concentrated in one direction would be about 
2850 feet. This is much smaller than the average 
elevation of mountain systems. Therefore either 
the coefficient of expansion of material under 
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Fic. 33.—Erosion and sedimentation cause loading and unloading 
of portions of the earth’s crust. Crustal matter is forced into hotter 
regions by the weight of the sediments and forced up into colder 
regions as the isostatic adjustment restores the equilibrium of the 
crust below areas of erosion. The earth’s materials change their 
temperatures slowly. The geoisotherms, or surfaces of equal tem- 
perature, are depressed under the sedimentary area and raised up 
beneath erosion areas. As the geoisotherms approach their normal 
depths crustal material will be increased or decreased in tempera- 
ture. Ordinary thermal changes in density will occur but it seems 
probable that physical or chemical actions take place which cause 
changes in elevation above the affected crust. 


the very great pressures of miles of rock is far 
greater than at the surface, which does not seem 
probable, or there has been contraction and ex- 
pansion of rock due to some process other than 
thermal contraction or expansion as we know it. 
We seem to be left with the idea that there has 
occurred an expansion or contraction in addi- 
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tion to the changes of volume due to ordinary 
thermal expansion. What the process is we do 
not know, but it is probably associated with the 
changes of temperature and pressure. Perhaps 
physical or chemical reactions of some kind, or 
a combination of the two, cause this additional 
change in density and volume. If these changes 
in volume do not occur, then the isostatic prin- 
ciple is false. But the principle of isostasy is sup- 
ported by what is generally recognized as over- 
whelming evidence. 

In the absence of anything better let us assume 
the theory that the major changes in the eleva- 
tion of the earth’s surface are due to changes in 
the density and volume of the crustal material 
below these areas which undergo the great 
changes in elevation, and see what should be the 
sequence of events. It seems necessary to assume 
that changes in the positions of the geoisotherms, 
in the moving matter as it goes to normally 
hotter or colder spaces, is slower than the vertical 
rates of erosion and sedimentation. 


BEGINNING OF CYCLE OF MOUNTAIN 
FORMATION 


The theory about to be set forth leads to a 
cyclic process whereby a given area may be 
alternately an area of deposition and an area of 
erosion. Obviously the recurrence of this cycle 
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cannot be continued backward into an indefi- 
nitely remote past, and some explanation must 
be given as to how the cycle started. Fortunately 
we have a clue to this process in the discovery 
of Henry S. Washington that there are what he 
terms comagmatic regions. He has found that 
there is a rather definite relation between the 
norm derived from the atomic weights of the 
chemical elements composing magmatic ma- 
terial now exposed at the surface and the eleva- 
tion of the places where the specimens of mag- 
matic rock have been found. This would lead us 
to the conclusion that before the beginning of the 
sedimentary age the earth’s surface was ir- 
regular, with depressed and elevated regions. 
This irregular surface will be taken as the start- 
ing point of our speculations and no attempt will 
be made to explain how the irregularities came 
about. 

When the water began to fall, it collected in 
the low ground forming the oceans and inland 
seas. The bottoms of the bodies of water were 
depressed by the weight of water such an amount 
as was necessary to balance in weight the crustal 
prisms under the water and the land areas. Since 
the water area of the earth is much greater than 
the land area, the subcrustal matter displaced 
was less than half the mass of water. If the two 
areas had been exactly the same and if the water 
areas had been covered by a uniform depth of 
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water, then the displaced subcrustal matter 
would have been just one-half the mass of the 
water. This depression of the low areas under 
the water caused an elevation of the high or 
land areas to restore the equilibrium. 

The collection of the waters into the basins 
caused very little erosion but, with the continu- 
ous process of evaporation, precipitation and 
runoff which must have occurred during the 
sedimentary age, great beds of deposits were laid 
down in the ocean and sea areas. The crust below 
the sediments was depressed an amount equiva- 
lent to the thickness of the material in the lower 
part of the crust equal in mass to the difference 
between the mass of sediment and the mass of 
the water displaced. If the depth of the dis- 
placed water was 5000 feet, then the increased 
load represented by the sediments was equivalent 
to 3150 feet of material of density 2.7. Suppos- 
ing the density of the material at the bottom of 
the crust to be 3.0, the layer of this matter that 
would exactly balance the added-weight of the 
sediments would be 2835 feet. It may be assumed 
that the crust sank beneath this body of sedi- 
ments leaving still some water above them. The 
continued process of sedimentation would go on 
until the surface of the sediments was at sea level 
and the total thickness would then be 11,550 feet. 
At that time there could have been no independ- 
ent sinking of the crust beneath the sediments 
except the very slight amount due to the elastic 
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compression of the crustal material subjected to 
the weight of the sediments. This was very small 
in amount. 

As the sediments filled up the water spaces near 
the shores the sediments were carried farther and 
farther to sea. The geoisotherms were depressed 
under the sediments but they did not rise to their 
normal positions for some time after the sedi- 
ments had been laid down. Later they rose to 
their normal positions heating up the crustal ma- 
terial throughout the column, thus causing the 
expansion which furnished the first plateau or 
the first mountain system composed of sedi- 
mentary material. It seems probable that some 
such process as that outlined above must have 
started the cycle of uplift and sinking that has 
been going on during the sedimentary age. 

That there has been adequate sedimentation 
during this time is indicated by the rate of 
erosion that we now have in the United States. 
According to the reports of the U. S. Geological 
Survey about one foot, on the average is eroded 
from the area of the United States in nine thou- 
sand years. At that rate a mile of material could 
be eroded from our area in about 45,000,000 
years. There have been various estimates of the 
time which has elapsed since the beginning of 
the sedimentary age but the one that seems to 
have gained most favor is a billion and a half 
years. In such a time as that, erosion would have 
been carried on to the extent of some 30 miles. 
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Of course the configuration of the area of the 
United States has changed from time to time and 
no one area could have been subjected to erosion 
continuously. (See p. 187.) 

There has been tremendous rainfall during 
the sedimentary age. The average for the land 
area of the world is now about 30 inches per 
year. This is equivalent to a mile of rain in ap- 
proximately 2000 years and, if the rate of rain- 
fall was the same throughout the sedimentary 
age, something like 34 million miles has fallen. 
We have, in the rainfall and the rate of erosion, 
evidence of the tremendous shift of material 
over the earth’s surface which seems to have 
been the cause of the great changes in elevation. 

With the initial irregular earth surface and 
the early sedimentation made possible by the 
primordial irregularities of the surface, we have 
the beginning of the processes which led to the 
major changes in elevation that have since been 
going on. The process once started would tend 
to perpetuate itself as is shown in. the discussion 
which follows. 


RETARDATION OF BASE LEVELING BY ISOSTATIC 
ADJUSTMENT 


As material is eroded from a high area an 
equal mass of subcrustal matter enters the crustal 
space to restore the balance. The amount of up- 
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ward movement will not be equal to the thick- 
ness of the eroded matter. The average density 
of surface rock is about 2.7. It is not known what 
is the density of subcrustal rock but it is prob- 
ably at least 10 per cent greater than that of the 
surface rock. Let us assume this difference. Then 
if 1000 feet of rock are eroded from an area, the 
layer of subcrustal rock which is equal in mass 
is only goo feet in thickness. The surface then, 
would be lowered only 100 feet as a result of the 
erosion of the rooo feet. According to this rea- 
soning it is necessary to erode 10 miles of ma- 
terial from the surface of an area one mile in 
average height in order to bring it to sea-level. 
If the difference in the densities of surface and 
subcrustal rock is greater or less than ro per cent 
then the ratio of the elevation and the amount of 
erosion needed to base-level the area will, of 
course, have a proportional change. 

It is well known that the volumes of sedimen- 
tary materials derived from previously elevated 
areas are far greater than any mountain mass 
which could have existed at one time. Some of 
the ancient mountain systems have been given 
elevations far in excess of any elevations we have 
today. These elevations were estimated from the 
amount of sedimentary material which must 
have been derived from them. With the theory 
that the crust under an area undergoing erosion 
is continually rising up, as materials are carried 
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away, it is not necessary to postulate such great 
and unreasonable heights for the ancient moun- 
tains which have since disappeared. 

Even though the uplift, as erosion 1s progress- 
ing, may be faster than the depression of the 
geoisotherms, due to loss of heat to the sides and 
at the surface of the upmoving crustal matter, 
there will be time enough for some change in 
temperature before the area has been base- 
leveled. It seems reasonable to assume that the 
affected matter will not acquire the tempera- 
tures that are normal to its new positions for a 
considerable time after the area has been base- 
leveled. It is probable that the surface remains 
at a low and approximately fixed elevation for 
some time after the base-leveling before the 
effect of the change in the temperature of the 
crustal material makes itself felt. The change 
in volume from thermal contraction will take 
place as the column loses its heat with its up- 
ward movement, but subsequent behavior of the 
surface leads to the idea that the increase in 
density and decrease in volume from the other 
causes begin only after the geoisotherms have 
moved to or near their normal depths. 


BEGINNING OF SEDIMENTATION AFTER AREA 
HAS BEEN BASE-LEVELED 


When the down warping of the surface has 
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progressed to a certain amount a trough is 
created. The area will sink below the elevation 
of the surrounding regions and become the 
region into which rivers will deposit their sedi- 
mentary loads. Such an area is usually spoken 
of as a geosyncline. It seems that the shrinking 
of the crustal material continues for a long time 
after sedimentation of the area begins. This must 
be true, for there is a sinking of the crust beneath 
active sedimentation which is independent of the 
sinking that is due to the weight of the sedi- 
ment. 


SEDIMENT LARGELY DEPOSITED IN SHOAL 
WATER 


The sediments are a load on the crust and 
when they have accumulated to a considerable 
degree the crust below is pushed down under 
their weight. If this were notso, then there would 
be a departure from equilibrium. The geodetic 
data show that sedimentary areas are in isostatic 
equilibrium. Therefore the sediments are bal- 
anced by a subcrustal movement below the area 
undergoing sedimentation. But the density of 
the sediments in place is not over 2.4 or 2.5 until 
after they have been consolidated. The density 
of the material at the bottom of the crust must 
be 3.0 or close to that. In any event it must be 
from Io to 20 per cent greater than the density 
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of the newly placed sediment. We are of course 
speaking here of the volumetric density of the 
sediments rather than their specific gravity. 
With this large difference in density a layer of 
sediments 1000 feet in thickness would require a 
layer of matter at the bottom of the crust of from 
800 to goo feet in thickness to move away to re- 
store the equilibrium. This would leave the sur- 
face from 100 to 200 feet higher than it was 
before the beginning of the sedimentation of the 
area. If the sinking of an area were due to the 
weight of sediment alone, the application of only 
a few thousand feet of material would raise the 
surface so high that the rivers would flow off 
to other places. It would be impossible to have 
many thousands of feet of sediment deposited 
over an area, all in shoal water, when the only 
force causing the downward movement is the 
weight of the sediment. There is another cause 
of the sinking independent of the weight of the 
sediment and that is the contraction of the 
crustal material beneath the sedimentary area. 
That contraction seems to result from processes 
set up by the change in temperature of the 
crustal matter as a result of the upward move- 
ment of that matter when the surface above it 
was undergoing erosion. 

Beds of sediment 20,000 feet in thickness, and 
even more, have been laid down in shallow water 
along the margins of oceans and of inland seas, 
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so there must have been contraction going on 
during the entire time of sedimentation. When 
this contraction ceased there was a cessation of 
sedimentation in the area, although the sedi- 
ment may then have been carried farther out to 
sea, thus broadening the sedimentary zone. 

It is evident from the preceding reasoning that 
the only areas close to a continent which can 
undergo great sedimentation are those which 
have been areas of heavy erosion. Of course deep 
areas of the oceans beyond the continental shelves 
can have thick beds of sediment laid down on 
them without an independent sinking of the area, 
but the sediment would give evidence of having 
been deposited over a wide range of depths of 
water. Existing mountain systems contain evi- 
dence that the sedimentary rocks in them were 
deposited in shallow water. 

It is improbable that the crustal material 
below an area undergoing sedimentation could 
be decreasing in temperature. The crust is going 
down under the weight of the sediment. The 
crustal matter is moving to spaces of greater nor- 
mal temperatures and should be getting hotter 
rather than colder. We are justified in holding 
that the crust has assumed the temperatures nor- 
mal to the positions occupied by its separate units 
at the time, or not long after, sedimentation 
began. Also we seem to be drawing a reasonable 
conclusion in postulating that the processes that 
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contract the crustal matter as a result of the cool- 
ing following erosion act for a long time after 
the area begins to sink. The chemical or physical 
processes which cause the contraction must work 
slowly. The length of time is measured by the 
period during which the sediment is laid down 
over the affected portion of the crust. 

Theoretically the thermal gradient for the 
first mile under an area undergoing rapid sedi- 
mentation should be less than that under an area 
that is undergoing erosion or under a stable area. 
But it is practically certain that the tempera- 
ture increases with depth even in the sedi- 
mentary layers. This may be due to an increase 
in the whole column including the sediment or 
to the cooling of the crustal matter just under 
the sediment, the heat being conducted to the 
sedimentary layer. 


UPLIFT OF SEDIMENTARY AREA TO FORM 
MOUNTAINS 


The uplift of an area seems to be due to just 
the reverse of the processes which have been 
under discussion. We must have an increase in 
volume and decrease in density in order that the 
isostatic equilibrium may be maintained. If a 
mountain system were an extra load on the sub- 
crustal base, the geodetic data used to test isos- 
tasy would surely indicate the lack of balance. 
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While the mountain systems of the world have 
not all been tested for isostasy, yet those which 
have give results most satisfactory to the 
isostasist. It is not unreasonable to conclude that 
the other mountains if tested, would show 
equally satisfactory results. 

All existing mountain systems give evidence 
that the areas they occupy were formerly sub- 
jected to heavy sedimentation. This leads us to 
the opinion that there is some fundamental and 
necessary relation between sedimentation and 
uplift. A search for this relation leads us to the 
conclusion that the pushing down of the crustal 
matter to hotter regions, by the weight of the 
sediments, is the cause of the subsequent uplift. 
It is not that part of the sinking which results 
from the contraction, previously discussed, that 
afterward causes the expansion, but that part 
which is due to the weight of the sediments. 

If the thickness of a bed of sediments is 30,000 
feet, each element of the crust below has been 
forced down approximately a like amount. The 
amount of sinking would be somewhat different 
at different depths. At the surface the sinking is 
exactly the same as the thickness of the sedi- 
ments, that is, within a few hundred feet. At the 
bottom of the crust the downward movement 1s 
equal to the thickness of the sediments multi- 
plied by the ratio of the density of the sediments 
to the density of the crustal matter at the lower 
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part of the crust, which was forced into sub- 
crustal space to restore the equilibrium. Inter- 
mediate elements of the crustal matter would 
have vertical movements somewhere between 
that at the surface and that at the lower part of 
the crust. The average downward movement of 
the crust under 30,000 feet of sediments there- 
fore would be of the order of magnitude of 
27,500 feet, or about 514 miles. 

If the temperature gradient at the surface ob- 
tains through the 60 mile crust, the crust would, 
on an average, be forced into a space about 275° 
C. hotter than it previously occupied. The effect 
of the subsequent rise in temperature would be 
an elevation of the earth’s surface by ordinary 
thermal expansion, but this expansion would be 
less than 3,000 feet. There would be an additional 
expansion due to physical or chemical processes 
which would further increase the volume and 
decrease the density of the crustal matter. (See 
Fig. 34.) 

There may be some increase in.the tempera- 
ture of the sinking matter as the down move- 
ment takes place, but it is not possible that the 
geoisotherms could maintain their normal posi- 
tions, for, if they do, the processes which are 
at work to cause the sinking of the area inde- 
pendent of the usual thermal contraction would 
be offset and the contraction would cease. 

This could not be the case for there is down- 
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ward movement during the whole period of 
sedimentation. The contraction which started 
while the area was still an erosion area began at 
such time as the cooling had progressed to a cer- 
tain point. The contraction processes apparently 
could not begin until there had been a consider- 


Fic. 34.—A prism of the earth’s crust, subjected to sedimentation, is 
pushed down into hotter regions. When the crust takes on the new 
temperature, its surface will be raised by normal thermal! expan- 
sion. Other causes expand the crust to give additional elevations 
of the surface. In prism 1, assume that there have been added 
30,000 feet of sediments. The upper portion of prism 2 shows 
expansion by normal thermal action. The upper part of prism 3 . 

shows the expansion by other causes. 


able change in temperature. The continued loss 
of heat to depress the geoisotherms to their nor- 
mal positions would of course increase the activi- 
ties of those processes. It seems necessary to 
assume that the contraction continues for a long 
time after the thermal surfaces have reached 
their normal positions. 

The cessation of the sedimentation of an area 
may be due to one of the following two causes: 
ist, the completion of the denudation of the area 
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from which the sedimentary materials were de- 
rived; 2nd, the cessation of the processes that 
were causing that part of the sinking which is 
independent of the sinking caused by the weight 
of the sediments. 

It is probable that there is a lapse of a con- 
siderable period of time between the end of the 
sedimentation of an area and the time that the 
uplift to a mountain system or a plateau begins. 
The contracting must have continued through- 
out the period of sedimentation and at the end 
of the period the geoisotherms must have been 
below their normal positions. Otherwise the con- 
dition that caused the contraction would have 
been offset. 

As the geoisotherms rise the causes of inde- 
pendent expansion also become active, and an 
augmented uplift of the surface occurs. This 
activity increases in rate until the geoisotherms 
reach their normal positions. Coincident with 
the uplift, erosion begins. It is slow at first but 
increases in rapidity with the increase in the ele- 
vation of the surface. ‘The processes of expansion 
continue to operate until the mountain system or 
plateau has reached maturity. The average ele- 
vation of the surface would not increase after 
the expansion had ceased, but the elements of 
the crustal matter below would be raised in 
position as the isostatic adjustment offsets the 
removal of surface materials by denudation. 
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THE CAUSES OF SURFACE CHANGES 


A careful weighing of all the data and other 
evidence available leads to the conclusion that 
the primary causes of at least the major changes 
of the earth’s surface are evaporation, precipi- 
tation, erosion, and sedimentation. Resultant 
causes are the maintainance of the isostatic bal- 
ance by the horizontal movement of subcrustal 
material, and the expansion and contraction of 
crustal material under areas of sedimentation 
and erosion, respectively, due to changes of tem- 
perature of the crustal matter. 


SUMMARY OF CHAPTER IX 


The process just explained may be stated in 
summary and schematic fashion in connection 
with Figs. 35 to 38, which illustrate its various 
stages. 


A 
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Fic. 35.—Beginning of sedimentary age. 


Before sedimentation began the earth’s sur- 
face was irregular with broad basins and wide 
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uplands (see Fig. 35). When erosion began 4 
rose and B sank to restore the isostatic equilib- 
rium. There was no rising or sinking of the 
surface independent of the isostatic adjustment. 

In Fig. 36 is shown one stage of a later cycle. 


A 


Sea Level 


Fic. 36.—First stage of a cycle of erosion and sedimentation. 


A is an area of erosion which is rising owing to 
relief of load but not as fast as the material 1s 
eroded. B is an area of deposition and sinks 
under the load of sediment. There is also a con- 
tinuation of the independent contraction under 


B A 
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Fic. 37.—Second stage. 


B, started by previous erosion, and the subse- 
quent lowering of geoisotherms which had been 
displaced upward. 

A second stage of the cycle is shown in Fig. 37. 
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A has been base-leveled to B and there is com- 
parative quiescence as independent contraction 
of the B prism slows down and ceases. The 
geoisotherms are now depressed in the B prism 
below their normal position with respect to the 
surface, and in the 4 prism they are elevated 
above their normal position. 
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Fic. 38.—Third stage. 


A third stage of the cycle is illustrated in Fig. 
38. As the geoisotherms tend to return to nor- 
mal, independent expansion begins in the B 
prism and independent contraction in the 4 
prism. This is the dominant effect until there 
is considerable difference in elevation between 
Meand_B, that is, until 4 and B have reversed 
their situations as compared with the first stage 
(Fig. 36), and erosion of B becomes dominant 
over independent expansion. This stage com- 
pletes one half of the entire cycle. 

The second half of the cycle is like the first 
except for the interchange of 4 and B. On the 
completion of the full cycle, 4 is again an area 
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of erosion and B of deposition as in the first stage 


(Fig) 36). 


A Sea level Column Some ofter Same after Uplift 


Before Sedimentation Sedimentation MME 
SS 


Sea 
Level 


Normal volume 
Normal mass 
Density of sediments 
less than normal: 
therefore, average 
density of matter 
below sediments is 
greater than be- 
fore sedimentatian 


Normal volume 
Normal mass 
Normal density 


Volume greater 

than normal. 
Normal mass. 
Therefore, density 
subnormal. 


Compensation 


Fic. 39.—Mountain systems occupy areas which were, at former 
times, at or below séa level. There are other areas now at a low 
elevation, which were formerly occupied by mountains. It seems 
probable that changes in density of crustal material below the 
affected areas must have occurred to change the surface elevations. 


It should be stated that the above theory is 
based on a number of assumptions. The system 
worked out may seem to be too simple, but its 
strong point is that it apparently does no violence 
to the established principle of isostasy. 
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